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ABSTRACT 

The  1984  Marginal  Ice  Zone  Experiment  (MIZEX  84) 
seeking  to  understand  the  Arctic  environment  in  the 
Fram  Strait  area  was  completed  on  30  July.  The 
largest  Arctic  marginal  ice  zone  research  program 
ever  conducted,  MIZEX  84  culminated  years  of 
science  planning.  This  international  Arctic 
program  utilized  the  resources  of  eleven  nations. 
Over  sixty  coordinated  and  complementary  research 
projects  were  carried  out  by  researchers  from  sever 
scientific  fields:  oceanography,  ice,  meteorology, 
remote  sensing,  acoustics,  biology  and  modeling. 

The  MIZEX  Science  Group  recently  started  planning  a 
follow-on  winter  field  research  program.  The  main 
thrust  of  Winter  MIZEX  will  be  a  closely  coupled 
oceanographic  and  acoustics  program  to  understand 
the  oceanography  of  ice-ocean  eddies  and  their 
impact  on  ambient  noise  and  acoustic  propagation 
including  tomographic  inversion.  Other  important 
Winter  environmental  interests  will  be  ice  edge 
phenomena,  meteorology,  ice  kinematics/dynamics, 
and  interaction  of  surface  and  internal  waves 
with  the  ice-ocean  eddies  and  with  the  ice  cover. 


INTRODUCTION 

The  marginal  ice  zones  (MIZs)  of  the  Arctic  and 
Antarctic  vary  annually  over  an  area  of  about  25 
million  km,  or  7  percent  of  the  world's  ocean 
areas.  Each  year,  the  edge  of  the  Arctic  ice  field 
migrates  north  and  south  up  to  375  nautical  miles. 
The  processes  and  enormous  energy  interchange  that 
control  the  location  and  behavior  of  the  MIZ  are  of 
fundamental  importance  to  meteorologists, 
biologists  and  oceanographers.  Understanding  the 
processes  that  determine  the  MIZ  is  also  important 
to  ocean  transport,  naval  operations,  environmental 
and  living  resource  management.  Sea-ice  movement 
is  a  major  factor  in  almost  all  aspects  of  Arctic 
offshore  minerals  development.  The  dynamic  nature 
of  pack-ice  must  be  taken  into  account  in  the 
location  of  exploration  rigs  and  production 
p.latforms,  logistics,  transportation  and 
construction  methods. 

Scientifically  the  MIZ  was  basically  unknown  except 
for  limited  data  bases  which  were  usually 
concentrated  in  one  discipline.  The  Office  of 
Naval  Research,  realizing  the  importance  of  the 
area,  took  the  initiative  in  organizing  a  concerted 
international  environmental  science  program  to 


address  MIZ  processes.  After  a  number  of 
scientific  meetings  and  workshops  to  determine  the 
primary  scientific  questions  and  how  should  they 
best  be  addressed,  the  overall  scientific  issue  was 
defined  as  follows:  the  air-sea-ice  processes  in 
the  MIZ  form  a  coupled  mesoscale  system,  but  there 
is  no  satisfactory  understanding  of  the  individual 
processes  themselves  or  how  they  interrelate. 

Equally  important  for  MIZEX  East,  the  scientific 
meetings  and  workshops  also  evolved  an  ad  hoc, 
international  organization  of  Arctic  scientists, 
the  MIZEX  Science  Group.  This  Group  became  the 
corporate  body  for  planning,  coordinating  and 
managing  MIZEX  East.  A  MIZEX  Science  Plan  was 
prepared  by  the  Group,  reviewed  by  the  appropriate 
science  oversight  authority  of  each  participating 
nation  (e.g.,  NAS  for  U.S.),  and  published  to  guide 
the  interests  and  efforts  of  MIZEX  participants. 

Consequently,  three  large-scale  field 
investigations  were  launched.  The  Bering  Sea 
effort  (MIZEX  West)  was  conducted  5-27  February 
1983  and  two  MIZEX  East  field  programs  (9  June  -  8 
May  1983  and  18  May  -  30  July  1984)  were  carried 
out  in  the  northern  Greenland  Sea.  This  paper  will 
focus  primarily  on  MIZEX  East  '84  and  the  planned 
Winter  MIZEX  East  operations  in  March-April  1987 
and  1988. 


MIZEX  EAST  '84 

The  1984  Marginal  Ice  Zone  Experiment  (MIZEX  East 
84),  was  conducted  in  the  Fram  Strait  area  between 
Greenland  and  Svalbard  in  midsummer  during  the 
period  of  greatest  ice  retreat  (Fig.  1).  The 
culmination  of  over  four  years  of  planning  and  a 
continuation  of  summer  MIZEX  83,  this  1984 
international  Arctic  research  program  utilized  the 
resources  and  expertise  of  eleven  nations  and  was 
supported  by  several  U.S.  agencies.  Core  U.S 
support  for  MIZEX  came  for  the  Office  of  Arctic 
Programs,  ONR,  with  additional  U.S.  support 
provided  by  NASA,  NOAA,  NRL,  NSF  and  NUSC.  MIZEX 
84  was  the  largest  coordinated  Arctic  experiment 
yet  conducted  in  the  marginal  ice  zone  and  had  the 
unique  feature  of  an  ad  hoc  organization 
established  by  the  scientists  themselves  without 
any  intergovernmental  agreements,  memoranda  or 
treaties.  This  has  proved  to  be  an  effective 
scheme  for  planning  and  conducting  both  the  MIZEX 
83  and  84  field  operations. 
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The  MIZEX  84  experiment  utilized  seven  ships,  eight 
remote  sensing/meteorological  aircraft  and  four 
helicopters,  supporting  a  mul tidi scipl inary  team  of 
208  scientists  and  technicians  plus  ship  and 
aircraft  crews.  Scientists,  equipment  and  support, 
came  from  Canada,  Denmark,  Federal  Republic  of 
Germany,  Finland,  France,  Ireland,  Norway,  Sweden, 
Switzerland,  United  Kingdom  and  United  States. 

Figure  2  summarizes  the  participation  for  each 
platform. 

The  region  of  Fram  Strait  is  environmentally  active 
because  the  relatively  warm  Atlantic  water  enters 
the  Arctic  to  the  west  of  Svalbard  and  cold 
ice-choked  Arctic  water  exits  the  Strait  to  the 
east  of  Greenland,  resulting  in  a  pronounced 
frontal  and  current  system  called  the  East 
Greenland  Polar  Front.  The  associated  shear  and 
frontal  structures  make  this  an  extremely  active 
area  characterized  by  complex  oceanographic  and 
atmospheric  structures  (see  Figure  1). 

The  detailed  schedule  of  operations  for  carrying 
out  the  MIZEX  84  experiment  was  developed  by  the 
MIZEX  Science  Group  over  the  preceding  two  years, 
1982-84.  Building  on  the  MIZEX  83  experience, 
the  operations  plan  with  integrated  schedule  for 
all  major  programs  was  completed  as  planned  with 
only  minor  field  modifications  necessary.  Figure  3 
summarizes  the  MIZEX  84  experiment. 

Initial  results  from  MIZEX  84  have  been  published 
as  Volume  5  of  the  MIZEX  Bulletin  and  are 
available  from  U.S.  Army  Cold  Regions  Research  and 
Engineering  Laboratory,  Hanover  N.H.  03755-1290  as 
CRREL  Special  Report  84-29.  Some  of  the  highlights 
are: 

Oceanography 

Lagrangian  observations  using  freely  drifting 
swallow  floats  were  taken  by  J.  C.  Gascard  of  the 
Physical  Oceanography  Laboratory  in  Paris 
CNRS/MUSEUM.  Ten  acoustic  Swallow  floats, 
ballasted  in  order  to  be  neutrally  buoyant  at 
■preselected  depths,  were  launched:  4  floats 
stabilized  around  110  to  130  m  depth  and  6  around 
200  to  260  m.  Each  float,  equipped  with  a  1562  Hz 
transducer,  sent  a  pulse  every  hour  for  tracking 
and  was  telemetering  in  situ  temperature  and 
pressure  once  every  second  day .  Five  listening 
stations  received  float  signals,  and  float 
locations  were  computed  by  considering  time  of 
arrival  and  positions  of  the  listening  stations. 
Three  stations  were  operational  in  real  time  from 
three  different  ships,  P0LARQUEEN,  P0LARSTERN  AND 
KVITBJ0RN.  Two  additional  autonomous  listening 
stations,  FI  and  F2,  were  deployed  at  700  m  depth 
from  ice  floes  which  were  tagged  with  Argos  buoys 
and  tracked  by  satellite.  Later  on  (post-MIZEX 
cruises),  two  listening  stations  were  mounted  first 
on  P0LARSTERN  (late  July-early  August)  and  later  on 
LANCE  (late  August)  extending  the  float  tracking 
over  a  one  month  period  in  addition  to  the  50-day 
MIZEX  period.  Preliminary  results  have  defined 
some  features  of  Atlantic  currents  in  the  Fram 
Strait,  below  the  ice,  during  this  summer  84 
season.  Specifically,  four  features  appeared 
related  to  the  branching  of  the  northward  Atlantic 


current  towards  the  southward  East  Greenland 
current: 

-  northward  Atlantic  current  flowing  along 
the  continental  slope  West  of  Yermak  plateau  and 
entering  the  Arctic  basin. 

-  strong  topographic  features  above  Yermak 
plateau:  (one  float  was  trapped  and  entered  the 
Arctic  basin.) 

-  recirculation  of  Atlantic  waters  west  of 
the  Yermak  plateau  along  the  continental  slope  and 
in  the  deepest  part  of  the  Straits. 

-  southward  flowing  Atlantic  current  trapped 
in  the  East  Greenland  current. 

Hundreds  of  CTD  stations  were  obtained  by  the 
various  ships,  with  the  shallower  ones  concentrated 
on  the  mesoscale  eddies.  Tracking  of  20-50  km 
scale  eddies  along  the  ice  edge  south  of  79°  N  was 
carried  out  in  coordination  with  R/V  Kvitbjorn. 
Location  of  eddies  by  aircraft  and  satellite  remote 
sensing  in  near  real  time  enabled  guidance  of  the 
ship  toward  the  eddy  features.  One  eddy  was 
detected  during  the  first  synoptic  CTD  program  with 
a  center  at  approximately  79o501  N  and  6°30'  E. 

The  diameter  of  this  eddy  was  about  20-25  km.  It 
was  first  tracked  for  4  days  with  CTD  sections 
taken  in  a  "star1*  pattern  through  the  eddy  center 
and  revealed  almost  no  propagation.  At  the  same 
time  the  ice  edge,  initially  located  just  north  of 
the  eddy  center,  moved  northward  about  60  km.  The 
second  tracking  period  7  days  later  gave  no  sign  of 
the  eddy,  suggests  a  decay  time  of  order  10  d$ys. 
Second,  the  “stationary"  Molloy  Deep  eddy  with  a 
scale  of  60-100  km  was  documented  by  3  sections  all 
sampled  to  the  bottom. 

Besides  the  standard  oceanographic  equipment  the 
following  were  utilized.  An  array  of  Cyclesondes 
was  deployed  from  ice  floes  by  Dr.  J.  Van  Leer,  U. 
Miami.  The  Cyclesondes  recorded  profiles  of 
temperature,  salinity,  pressure,  current  speed,  and 
direction,  and  one  unit  also  recorded  light 
transmissivity.  Profiles  were  taken  at  preset 
intervals  of  1/2  hour,  1  hour  or  two  hours.  Most 
data  were  sampled  at  30  second  intervals  during 
each  profile,  giving  about  three  meter  vertical 
resolution. 

The  turbulence  experiment  for  MIZEX  84  was  designed 
to  measure  mean  and  fluctuating  currents, 
temperature,  and  conductivity,  at  several  levels  in 
the  upper  ocean  boundary  layer  beneath  drifting 
ice.  Special  instrument  clusters  were  built 
consisting  of  three  small  (4-cm  diameter), 
partially  ducted  rotors  mounted  along  three 
mutually  orthogonal  axes.  These  were  used  in 
conjunction  with  Sea  Bird  conductivity  meters  and 
oceanographic  thermometers.  Data  from  each  cluster 
were  transmitted  to  the  surface,  converted  to 
digital  frequences  by  a  deck  unit,  and  recorded  on 
floppy  disk  with  a  Hewlett-Packark  microcomputer. 
The  system  is  capable  of  handling  7  clusters  (35 
data  channels)  at  a  sampling  rate  of  6  per  second. 


A  Flow  Industries  Inc.  prototype  Diode 
laser-Doppler  (DLVD)  VeTocimeter  developed  with 
Small  Business  Innovation  Research  funds  from  ONR 
was  tested.  This  instrument  sampled  two  components 
of  flow  by  measuring  Doppler  shift  of  coherent 
light  scattered  from  microscopic  particles  in  a 
small  (order  1  cm  dimension)  volume.  The  DLDV  was 
mounted  near  one  of  the  turbulence  clusters  for 
comparison.  Initial  indications  are  that  there  is 
excellent  agreement  between  the  two  instruments. 

CODAR  (Coastal  Oceanic  Dynamics  Application  Radar), 
which  measures  the  radial  component  of  surface 
currents  up  to  a  distance  of  50  km  with  a 
resolution  of  1.2  km,  was  successfully  used  by 
VALDIVIA.  Measurements  of  surface  currents  were 
carried  out  on  3  sections  between  Svalbard  and  the 
ice  edge.  At  the  ice  edge  approximately  20  CODAR 
stations  were  performed. 

Sea  Ice 

In  sea  ice  produced  in  the  laboratory,  the  relative 
composition  of  salts  in  the  brine  entrained  in  the 
ice  changes  as  a  result  of  the  selective 
precipitation  of  the  salts  from  the  brine  when  the 
ice  is  cooled.  Calcium  carbonate  is  the  first  to 
precipitate,  beginning  to  do  so  just  below  the 
freezing  point  near  -2°C,  followed  by  sodium 
sulphate  near  -10°C.  Almost  no  studies  have  been 
done  to  verify  the  laboratory  results  and  their 
geophysical  implications  using  sea  ice  produced 
under  natural  conditions.  Several  cores  of  first 
year  and  multi-year  ice  were  collected  throughout 
the  MIZEX  area.  Not  one  showed  anything  like  the 
degree  of  relative  calcium  enrichment  expected  on 
the  basis  of  the  laboratory  results.  Sulphate 
concentrations  have  not  yet  been  determined,  but 
based  on  the  calcium  data,  little  sulphate 
enrichment  is  expected.  These  results  seem  to  show 
that  the  studies  of  ice  produced  under  laboratory 
conditions  cannot  be  used  in  any  simple  way  to 
describe  the  composition  of  natural  sea  ice.  Pram 
Strait  sea  ice  has  a  much  lower  percent  of  frazil 
versus  columnar  ice  than  does  the  Antarctic  sea  ice 
(26%  versus  60%) . 

Remote  Sensing 

Extensive  ground  truth  to  determine  surface 
characterization  was  made  in  conjunction  with  the 
aircraft  overflights.  For  example:  Along  each  of 
the  radiometer  traverses,  detailed  studies  were 
made  of  surface  topography,  spatial  variations  in 
snow  depth,  the  occurrence  of  ice  layers  and  lenses 
in  the  snow  pack,  and  ponding  of  meltwater.  These 
were  compared  with  the  corresponding  radiometric 
records.  At  selected  locations,  surface 
characteristics  were  determined  from  core  samples. 
For  cold  ice  cases,  these  measurements  included 
temperature,  salinity,  and  density  profiles  in  the 
snow  and  the  top  30  cm  of  the  ice  together  with  the 
geometry  and  mean  size  of  the  snow  grains.  When 
the  ice  entered  the  transition  to  melting  stage, 
free  water  content  measurements  in  the  snow  and 
loose  upper  layers  of  the  ice  were  included  in  the 
program.  The  crystal  geometry  and  density  of  the 
loose  granular  layers  were  also  obtained. 


Active  and  passive  microwave  observations  were  able 
to  distinguish  ice  types  when  the  surface  was  dry, 
but  when  the  snow  was  wet  no  clear  discrimination 
between  multi-year  and  first  year  was  possible. 

The  SAR  demonstrated  a  potential  for  estimating 
total  ice  concentration,  but  more  work  is  needed  on 
the  algorithm. 

Meteorology 

There  was  an  extensive  meteorological  program  and 
one  dedicated  meteorological  research  plane 
(DFVLR's  Falcon  20).  The  aircraft  is  equipped  with 
highly  sensitive  instruments  to  measure  pressure, 
air  flow  angle,  temperature  and  humidity,  thus 
providing  a  high  resolution  representation  of  the 
turbulent  state  of  the  atmosphere.  In  addition, 
Eppley  pyranometers  and  pyrgeometers  were" installed 
to  measure  upward  and  downward  radiative  fluxes.  A 
downward  looking  PRT-6  radiometer  and  a 
radiotal imeter  monitored  the  thermal  properties  and 
the  roughness  of  the  partly  ice-covered  ocean 
surface.  The  instrumentation  has  been  further 
extended  by  the  use  of  cloud  physics  probes 
( PMS-Knol lenberg:  FSSP  and  0AP-230X, 

KING-LWC-probe)  and  of  an  aerosol/cl oud  water 
sampling  device  which  was  developed  and  operated  by 
the  University  of  Stockholm.  The  on-board  data 
registration  provides  a  10  Hz  recording  of  all 
navigational  (INS)  and  meteorological  data  and  an 
additional  100  Hz  recording  of  the  highly  variable 
temperature,  pressure,  humidity  and  flow  angle 
sensors  and  radio-altimeter  outputs.  Additional 
meteorological  data  were  acquired  from  the  surface 
vessels.  The  following  were  observed  to  determine, 
among  other  things,  the  basic  processes  that  lead 
to  the  formation  and  dissipation  of  arctic  stratus 
clouds: 

-  turbulent  fluxes  of  momentum,  sensible  and 
latent  heat  as  function  of  height  in  the  PBL  as 
well  as  their  mean  values 

-  microphysical  cloud  properties  such  as  drop 
size  distribution  and  liquid  water  content 

-  radiative  cloud  properties  ( reflecti vity , 
transmissivity  and  absorptivity) 

-  physico-chemical  and  optical  properties  of 
the  atmospheric  aerosol  (P.  Wendling). 

Acoustics 

The  acoustics  program  consisted  of  multiple  sound 
sources  and  both  horizontal  and  vertical  hydrophone 
arrays  to  determine  the  effect  of  the  MIZ  on  signal 
propagation,  coherence,  reverberation  and  ambient 
noise.  An  autonomous,  moored,  acoustic  source  was 
installed  to  assess  .the  stability  of  surface 
reflected  acoustic  paths  for  tomographic 
application.  The  source  transmitted  a  224  Hz 
carrier,  phase  modulated  by  a  binary,  maximal 
length,  shift-register  sequence,  similar  to  the 
type  of  signal  which  has  been  used  during  several 
tomography  experiments.  Minor  adjustments  were 
made  in  signalling  parameters  to  account  for 
Doppler  shifts  due  to  the  time-varying  ocean 
surface.  The  signal  was  received  by  hydrophones 
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Suspended  through  the  ice  by  the  MIT/WHOI 
scientific  party  aboard  MV  Kvitbjorn  and  by 
hydrophones  deployed  by  MV  HU  Sverdrup. 

It  was  determined  that  ambient  noise  levels  in  the 
6000  Hz  range  can  be  attributed  to  thermal  stress 
when  ice  drifts  into  warmer  water,  the  lower 
frequency  5-100  Hz  noise  in  primarily  due  to  ice 
"quakes"  as  the  ice  breaks  in  response  to  wind  and 
current  stress. 


WINTER  MIZEX 

Program  Objectives 

3 

The  planned  winter  MIZEX  is  a  natural  sequence  to 
the  earlier  MIZ  measurement  programs.  The  winter 
season  emphasizes  or  dramatically  changes  certain 
processes;  to  project  the  flavor  of  scientific 
challenges  during  winter  some  of  the  major 
objectives  are  summarized  briefly  here.  It  is 
planned  to  measure  and  understand: 

formation  of  Arctic  atmospheric  lows  as 
influenced  by  the  large  temperature  and  water  vapor 
contrast  at  the  ice  edge, 

growth,  propagation,  and  decay  of  ocean 
eddies  as  affected  by  ice  edge  dynamical  processes 
including  strong  winds, 

shape,  size,  configuration,  and  motion  of 
the  ice  field  created  by  strong  forcing  of  intense 
incoming  gravity  waves, 

snow  dryness  and  thickness  characteristic 
of  the  winter  MIZ  as  they  affect  EM  reflectivity 
and  emissivity, 

changes  in  acoustic  refraction  and 
coherence  via  winter-related  changes  in  sound  speed 
profiles,  internal  waves,  and  ocean  eddies, 

intensification  of  ice  cracking  noise 
mechanisms  as  related  to  ocean  eddies,  gravity 
waves,  and  presence  of  recently  frozen  thin  ice. 

While  the  foregoing  list  is  not  complete,  it  should 
be  clear  that  efforts  during  MIZEX  87  and  88  are  to 
be  centered  on  those  attributes  of  the  MIZ  most 
characteristic  of  the  winter  season. 

Beyond  the  focus  on  winter  processes,  we  intend 
special  emphasis  on  ocean  eddy  phenomena.  Thus 
eddy  genesis  associated  with  atmospheric  lows  and 
winds  become  a  central  research  element. 
Electromagnetic  sensing  via  aircraft  and  satellites 
is  to  be  employed  in  "real  time"  for  identifying 
eddy  fields,  and  in  discerning  limitations,  if  any, 
caused  by  advection  of  marker  ice  fields  associated 
with  strong  winter  winds  or  waves.  Also  central 
are  acoustic  interactions  with  eddies;  the  effects 
on  acoustic  propagation  and  ambient  noise  of  the 
oceanographic  mesoscale  phenomena,  principally 
ice-ocean  eddies,  and  the  forward  modeling  problem 
will  be  investigated.  Inverse  methods  in  which 
acoustics  becomes  the  probe  for  quantifying  the 
oceanography  will  be  exercised  and  studied. 


There  will  be  five  principal  scientific  interest 
areas  studied  in  the  Winter  MIZ  environment.  They 
are  acoustics,  oceanography ,  meteorology,  ice  and 
wave  studies,  and  remote  sensing.  All  data  will  be 
utilized  for  model  studies,  development  and 
refinement.  However,  as  noted  above,  an  especially 
large  degree  of  interrelationship  among  the 
scientific  disciplines  during  MIZEX  87  and  88  is 
planned  and  necessary.  Indeed,  the  success  of  the 
program  demands  that  this  be  achieved.  EM  remote 
sensing  researchers  require  ground  truth, 
acousticians  must  have  water  column  sections  and 
ice  field  dynamics,  meteorologists  need  sea  surface 
temperatures  and  surface  roughnesses,  and 
oceanographers  must  have  atmospheric  forcing 
functions.  While  such  interdependence  is  not  new, 
our  needs  are  heightened  by  the  especially  strong 
role  of  acoustics  in  MIZEX  87  and  88,  which  is  at 
the  point  of  answering  fundamental  questions  in  ice 
noise  generation  and  in  the  feasibility  of  MIZ 
ocean  acoustic  tomography. 

Overall  Experiment  Strategy 

The  field  experiments  associated  with  the  Winter 
MIZ  program  will  involve  three  phases.  The  first 
phase  pre-1987,  will  consist  primarily  of  P3 
overflights  in  the  Fram  Strait  and  Greenland  Sea, 
prior  to  1987  for  observations  of  weather,  sea,  and 
ice  conditions  and  synoptic  ambient  noise 
monitoring.  Because  there  is  very  limited 
knowledge  of  the  winter  MIZ  environment  these 
flights  will  provide  invaluable  data  for  planning 
the  later  phases  of  the  experimental  program,  with 
particular  regard  to  spatial  and  temporal  scales  to 
be  expected  in  contrast  to  the  summer  season,  and 
with  additional  attention  to  flight  and  safety 
issues  involved  with  ship,  helo,  and  ice  camp 
operations  during  the  Winter  season. 

The  second  phase  will  center  on  a  field  experiment 
in  the  Fram  Strait  marginal  ice  zone  in  March  and 
April  of  1987.  This  experiment  will  include  an 
icebreaker  with  a  helicopter  and  fixed  wing 
aircraft  for  meteorology  and  remote  sensing  as  well 
as  utilizing  satellite  remote  sensing  capabilities. 
Primarily  this  experiment  will  exercise  the  remote 
sensing  capabilities  for  detection  and  tracking  of 
ice-ocean  eddies  in  the  winter;  provide  the  first 
comprehensive  data  set  on  the  oceanography  of  the 
winter  MIZ  vital  for  acoustic  modeling;  provide  the 
first  data  on  important  meteorological  questions 
including  cyclogenesis  and  surface  atmospheric 
boundary  conditions  in  the  winter  MIZ;  provide  data 
on  ice  and  surface  gravity  wave  interaction;  and 
provide  ambient  noise  data.  This  experiment  will 
also  provide  valuable  experience  on  ship  and  helo 
operations  in  the  Winter  MIZ  environment. 

The  third  phase  will  culminate  in  a  field, 
experiment  in  the  Fram  Strait  marginal  ice  zone  in 
March  and  April  1988.  This  experiment,  much 
broader  in  scope  than  the  1987  experiment,  will 
include  an  ice  camp  located  approximately  100  km  to 
150  km  from  the  ice  edge  in  an  area  tentatively 
bounded  by  78  N,  80  N,  0  E,  and  3  E.  The  location 
of  the  ice  camp  relative  to  the  ice  edge  will  be 
determined  based  upon  the  ice/wave  interaction 
studies  of  the  1987  experiment  over  the  course  of 


the  ice  camp's  45  day  lifetime.  Acoustic 
receiving  arrays  and  acoustic  data  acquisition 
systems  as  well  as  a  meteorological  station  will  be 
located  at  the  ice  camp.  The  tentative  camp 
location  was  chosen  so  as  to  be  west  of  the  Yermak 
Plateau  to  provide  deep  water,  in  excess  of  1000  m, 
to  minimize  effects  of  bottom  interaction  for 
acoustic  propagation  and  tomography.  Figure  4 
presents  an  overview  of  the  proposed  Winter  MIZEX 
88  experiment. 

A  central  idea  behind  the  1988  ice  camp  deployment 
is  the  distinct  probability  that  much  of  the 
acoustics  and  ice  dynamics  at  the  camp,  including 
ambient  noise,  acoustic  scattering  from  the  ice, 
spatial  and  temporal  coherence  of  acoustic  signals 
(from  shots  deployed  north  of  the  camp),  will 
exhibit  characteristics  initially  associated  with 
deep  Arctic  conditions  changing  to  conditions 
cormion  to  the  marginal  ice  zone  as  the  camp  drifts 
from  its  initial  location  deep  in  the  pack  ice 
through  the  marginal  ice  zone  to  the  ice  edge. 

Two  helicopters  will  operate  from  the  ice  camp  for 
remote  acoustic  and  oceanographic  data  collection. 
An  ice  strengthened  ship  with  helicopters  and  two 
open  ocean  ships  are  planned  for  this  experiment. 
The  ice  ship  and  one  open  ocean  ship  will  be 
primarily  dedicated  to  oceanography,  meteorology, 
and  ice/wave  programs  while  the  other  open  ocean 
ship  will  tow  an  array  and/or  acoustic  source(s). 
Fixed  bottom  moored  acoustic  sources  and  receivers 
will  be  deployed  in  the  Greenland  Sea  and  in  the 
Fram  Strait  area.  These  sources  and  receivers  will 
be  part  of  both  the  Greenland  Sea  long  term  ocean 
acoustic  tomography  program  as  well  as  the  MIZEX 
87/88  program.  These  sources  and  receivers  will  be 
deployed  in  the  Spring  of  1987  and  recovered  in  the 
Spring  after  MIZEX  1988. 

With  the  experience  gained  from  1987,  a  major 
emphasis  of  the  1988  experiment  will  be  to  identify 
ice-ocean  eddies,  other  mesoscale  oceanographic 
phenomena,  and  internal  waves  in  real  time  using 
remote  sensing.  Then  scientists  will  conduct 
intensive  oceanographic  measurements,  and 
simultaneously  position  the  ship  deployed  acoustic 
sources  and  ship/helicopter  deployed  acoustic 
receivers  to  obtain  the  desired  propagation  and 
ambient  noise  geometry  with  respect  to  the  eddy  and 
ice  fields. 


3.  Coordinate  data  flow  from  principal 
investigators  to  the  participating  data 
centers  and/or  principal  investigators. 

4.  Promote  and  facilitate  interchange  of  data 
management  information  between  principal 
investigators  and  other  scientific  data. 

The  data  bank  is  operational  with  the  majority  of 
MIZEX  West  and  MIZEX  83  data  in  the  form  of  data 
reports  and  tapes  readily  accessible.  MIZEX  84 
data  and  reports  are  being  addeu  to  the  data  bank 
as  soon  as  they  are  received  by  NSIDC.  An  index 
(inventory)  of  the  MIZEX  holdings  at  NSIDC  is 
available,  on-line,  on  Telemail's  MIZEX  Bulletin 
Board. 
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DATA  MANAGEMENT: 


All  MIZEX  data,  to  be  reaaily  available  and  most 
useful  to  the  scientific  community  as  a  whole,  is 
being  placed  in  the  National  Snow  and  Ice  Data 
Center  (NSIDC)  in  Boulder,  CO  (303-492-5171). 
NSIDC  management  of  MIZEX  data  covers  the 
following: 

1.  Establish  and  implement  the  data  archival 
and  accession  program. 

2.  Establish  and/or  coordinate  data 
interchange  standards. 


GREENLAND  SEA 


MIZEX  EAST  RESEARCH  AREA 


MIZEX  84 


FIELD  OPERATIONS: 

MAY  18— JULY  30,  1984 

SHIPS: 

USNS  LYNCH 

(NRL) 

MAY  18  - 

JUNE  28 

HU  SVERDRUP 

(NDRE) 

JUNE  1  - 

JUNE  25 

MV  POLARQUEEN* 

(PSC) 

MAY  29  - 

JULY  29 

MV  KVITBJORN 

(PSC) 

MAY  30  - 

JULY  30 

MS  HAKON  MOSBY 

(U.  BERGEN) 

JUNE  12  - 

JULY  15 

FS  POLARSTERN* 

(A.W.I.) 

JUNE  11  - 

JULY  18 

FS  VALDIVIA 

(U.  HAMB.) 

JUNE  20  - 

July  18 

*2  HELICOPTERS  ON  EACH  SHIP 

AIRCRAFT: 

CCRS  C V  580 

(CANADA) 

JUNE  26 

-  JULY  8 

(8  FLTS) 

CNES  B— 17 

(FRANCE) 

JUNE  30 

-  JULY  16 

(6  FLTS) 

NASA  CV  990 

(USA) 

JUNE  8 

-  JUNE  30 

(7  FLTS) 

NOAA  P-3 

(USA) 

JUNE  20 

-  JULY  7 

(6  FLTS) 

NRL  P-3 

(USA) 

JUNE  24 

-  JULY  8 

(7  FLTS) 

GREENLAND  ICE  PATROL 

(DENMARK) 

MAY  29 

-  (1  FLT) 

RNAF  P-3 

(NORWAY) 

JUNE  11 

-  JULY  18 

(6  FLTS) 

DFVLR  FALCON 

(GERMANY) 

JUNE  22 

-  JULY  14 

(20  FLTS) 

MIZEX  PERSONNEL  (FROM  10  NATIONS): 

SHIPS  164 

AIRCRAFT  36 

SHORE  SUPPORT  18 


TOTAL 


208 


FIG.  2 


•ix  xi 


MIZEX  84  PROGRAM  OVERVIEW 
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INTERNATIONAL  ICE  PATROL  OPERATIONS 


CDR  N.  C.  EDWARDS,  JR. 
and 

D.  L.  MURPHY 

Commander,  International  Ice  Patrol 
Avery  Point, 

Groton,  CT  06340 


Since  1914, 
(IIP)  has 


ABSTRACT 

the  International  Ice  Patrol 

been  conducted  by  the  U.  S. 

Coast  Guard,  to  provide  the  North  Atlantic 
Mariner  with  a  warning  of  hazardous 
icebergs  in  the  region  of  the  Grand  Banks 
of  Newfoundland.  During  the  iceberg 
season,  March  to  August,  IIP  conducts 
iceberg  reconnaissance  flights  using 
HC-130  aircraft  equipped  with  the 
AN/ APS- 13  5  Side  Looking  Airborne  Radar 
(SLAR)  over  those  fog-covered, 

storm-tossed  waters.  Radio  broadcasts  and 

facsimile  charts  of  the  limits  of  all 
known  hazardous  ice  are  originated  by 

Commander,  International  Ice  Patrol  (CUP) 
from  an  operations  center  in  Groton, 
Connecticut . 


1. 


INTRODUCTION 


Icebergs  and  sea  ice  have  been  hazards  to 
navigation  in  northern  waters  for 
centuries,  but  the  threat  did  not  attract 
great  international  concern  until  the 
sinking  of  the  RMS  TITANIC  in  1912. 

Unlike  sea  ice  which  freezes  in  place, 
icebergs  are  of  land  origin.  North 
Atlantic  icebergs  calve  mostly  from  the 
glaciers  on  the  west  coast  of  Greenland 
and  drift  south  through  Baffin  Bay  and 
Davis  Strait  with  the  Labrador  Current. 
Their  visible  size  ranges  from  that  of  a 
grand  piano  (growler)  to  that  of  a  large 
aircraft  carrier  (very  large),  but  only 
represents  one-eighth  of  the  total  mass 
which  may  be  10  million  tons;  the 
remaining  seven-eighths  is  below  the  sea 
surface.  As  they  drift  into  the  North 
Atlantic  shipping  lanes  near  the  Grand 
Banks  of  Newfoundland,  icebergs  present  a 
major  hazard  to  navigation.  During  the 
six  month  iceberg  season,  135  million 
gross  tons  of  merchant  shipping  crosses 
these  ice  infested  waters.  Even  equipped 
with  modern  surface  search  radars,  the 
ships  cannot  detect  all  icebergs, 
particularly  growlers  which  may  spend  half 
of  their  time  submerged.  Poor  detection 


is  due  to  the  low  reflective  coefficient 
of  ice  (0.33),  the  iceberg's  irregular 
shape  and  its  surfaces  sloping  away  from 
the  radar  beams. 

The  International  Ice  Patrol  (IIP)  was 
formed  in  1914  to  patrol  the  Grand  Banks 
of  Newfoundland  (Figure  1),  detect  hazards 
to  navigation  and  warn  mariners  of  the 
threat.  Under  the  1960  Safety  of  Life  at 
Sea  (SOLAS)  Convention,  20  member  nations 
have  agreed  to  share  the  2.5  million 
dollar  cost  to  conduct  the  patrol  which 
the  U.  S.  Coast  Guard  is  tasked  with. 

2.  HISTORY 

The  tragic  sinking  of  the  luxury  liner  RMS 
TITANIC  on  April  15,  1912  raised  great 
international  concern  over  the  safety  of 
navigation  in  the  North  Atlantic.  The 
First  Safety  of  Life  at  Sea  (SOLAS) 
Convention,  which  met  in  1913,  inaugurated 
the  International  Ice  Patrol  and  tasked 
the  United  States  with  managing  the 
service.  The  original  13  member  nations 
agreed  to  share  the  Ice  Patrol  expenses. 
A  1914  presidential  order  established  the 
Ice  Patrol  and  assigned  it  to  the  Revenue 
Cutter  Service,  which  became  the  U.  S. 
Coast  Guard  in  1917. 

Early  ice  patrols  were  conducted  by 
cutters  that  patrolled  the  southern, 
southeastern  and  southwestern  limits  of 
hazardous  ice  in  the  vicinity  of  the  Grand 
Banks  of  Newfoundland.  These  cutters 
broadcasted  the  positions  of  the 
southernmost  hazardous  icebergs  which 
drifted  in  those  often  fog-laiden  and 
storm-tossed  waters.  After  World  War  II. 
aerial  visual  reconnaissance  commenced  and 
soon  became  the  primary  means  of 
surveillance.  Aerial  reconnaissance 
permitted  much  wider  coverage,  but  iceberg 
detection  was  still  hampered  by  poor 
visibility  and  severe  weather  conditions. 
The  limits  of  hazardous  ice  were  broadcast 
to  the  mariner  daily  from  land-based  radio 
stations  around  the  North  Atlantic. 


In  1983,  the 
began  using  a 
(SLAR)  as  the 
for  two  years 


International  Ice  Patrol 
side-looking  airborne  radar 
major  detection  tool,  and 
has  successfully  conducted 
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surveillance  of  the  operations  area,  with 
only  5  vice  50  percent  of  the  days  lost 
due  to  poor  weather. 

3.  PRESENT  OPERATIONS 

Today's  Ice  Patrol  service  is  coordinated 
from  an  operations  center  in  Groton, 
Connecticut  from  which  Commander, 
International  Ice  Patrol  deploys  an  Ice 
Reconnaissance  Detachment  ( ICERECDET )  for 
seven  days  every  other  week  during  the 
six-month  ice  season  (March  through 
August).  Surface  patrol  vessels  have  been 
rarely  used  in  the  post-World  War  II  era. 

Flying  from  Gander,  Newfoundland,  a  U.  S. 
Coast  Guard  HC-130  (Hercules)  aircraft 
equipped  with  Motorola  AN/APS-135  SLAR 
patrol  the  operations  area,  which  extends 
from  40  °N  to  5  2  °N  latitude  and  39°W  to 
57°W  longitude.  A  typical  patrol  can 
cover  35,000  nm^  in  6  to  7  hours  of 
surveillance  from  an  altitude  of  8,000 
feet.  In  1984,  476  SLAR  flight  hours  were 
logged  in  78  ice  reconnaissance  sorties. 

The  operations  center  maintains  an  iceberg 
plot  showing  the  locations  of  icebergs 
detected  by  the  ICERECDET,  Canadian  ice 
reconnaissance,  offshore  oil  industry 
operations,  and  North  Atlantic  shipping. 
In  1984,  a  season  record  of  2,202  icebergs 
were  estimated  to  have  moved  south  of  48°N 
latitude,  the  traditional  indicator  of  the 
severity  of  a  season;  the  average  amount 
is  386.  The  record  number  is  possibly  the 
result  of  colder  than  normal  conditions 
during  the  year;  but  certainly  the 
increased  detection  capability  offered  by 
SLAR  has  increased  the  number  of 
sightings.  In  1984,  49  percent  of  the 
sightings  were  made  by  the  ICERECDET. 

The  SLAR  is  also  very  effective  in 
detecting  sea  ice  as  illustrated  in  Figure 
2.  In  addition  to  the  International  Ice 
Patrol,  the  SLAR  (APS-94D)  is  presently 
being  used  operationally  by  Canadian  ice 
reconnaissance  aircraft  to  monitor  sea  ice 
coverage  in  support  of  Canadian  shipping, 
oil  industry  and  fishing  interests.  Once 
an  iceberg  has  been  sighted,  its  location, 
size,  and  shape  are  entered  into  a 
computer  drift  model1  that  is  used  to 
estimate  the  subsequent  motion  of  the 
iceberg.  The  use  of  the  model  is 
necessary  for  two  reasons;  first,  so  that 
subsequent  sightings  of  an  iceberg  are 
recognized  as  re-sights  rather  than  as  a 
new  sighting  and,  second,  that  the 
position  of  an  iceberg  can  be  estimated  if 
no  resighting  is  made. 

The  drift  model  combines  the  effects  of 
water  drag,  air  drag,  the  Coriolis 
acceleration,  and  sea  surface  slope  to 
determine  the  iceberg  acceleration.  The 
water  drag  is  summed  up  over  four  current 
layers  (dependent  on  the  size  of  the 


iceberg)  by  using  a  mean  depth- independent 
geostrophic  current  plus  a  contribution 
due  to  the  wind  current.  The  wind-driven 
current  is  based  on  time-dependent  Ekman 
dynamics . 

Model  input  data  are  derived  from  several 
sources.  The  mean  geostrophic  current 
field  is  based  on  hydrographic  surveys 
conducted  by  the  Coast  Guard  since  1936. 
Because  this  mean  current  field  has  no 
recognition  of  temporal  variability  of  the 
flow  field,  in  1983,  Ice  Patrol  began 
air-deploying  Tiros  Oceanographic  Drifters 
(TODs)  and  using  their  drifts  to  modify 
the  historical  field.  Up  to  12  buoys  are 
deployed  per  season.  Figure  3  shows 
tracks  from  buoys  launched  during  the  1984 
season.  The  wind  input  for  the  air-drag 
and  wind-current  computations  are 

calculated  from  wind  data  provided  every 
12  hours  from  the  Fleet  Numerical 
Oceanography  Center  (FNOC)  in  Monterey, 
California . 

A  second  numerical  model  is  used  to 
estimate  the  deterioration  of  an  iceberg 
after  its  initial  sighting.  The  model* 
uses  water  temperature,  wave  height,  and 
wave  period  to  calculate  iceberg 

deterioration  (approximately  85  percent  of 
iceberg  deterioration  is  due  to  wave 
effects).  Water  temperature  and  wave  data 
are  provided  every  12  hours  by  FNOC. 

4 .  RESEARCH 

The  International  Ice  Patrol  research 
program  addresses  the  three  major 

technical  areas  of  the  operations: 
detection,  drift  and  deterioration.  The 
programs  are  briefly  described  below. 

a.  Detection. 

The  advent  of  SLAR  as  the  primary  iceberg 
detection  device  brought  with  it  several 
problems.  How  effective  is  SLAR  at 
detecting  icebergs,  and  for  what  size 
range?  How  well  can  SLAR  distinguish 
between  icebergs  and  vessels? 

To  quantify  the  effectiveness  of  SLAR, 
IIP  participated  in  the  BergSearch  '84 
experiment  sponsored  by  the  Environmental 
Services  Revolving  Fund  ( ESRF ) 

administered  by  the  Canada  Oil  and  Gas 
Lands  Administration  (COGLA) .  After 
flying  71  passes  on  ground- truthed 
icebergs,  data  analysis  indicated  that  the 
SLAR  will  detect  icebergs  greater  than  10m 
in  length  in  moderate  to  calm  seas  with  a 
repeatability  of  +  /-  10  percent3. 

IIP  is  continuing  SLAR  detection  research 
in  a  cooperative  experiment  with  the  U.  S. 
Coast  Guard  Research  and  Development 
Center  scheduled  for  April  -  May  1985  as 
part  of  an  IIP  research  cruise  aboard 
USCGC  EVERGREEN  (WMEC  295). 
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b.  Drift. 


5.  CONCLUSION 


The  major  issue  in  the  drift  area  is  the 
temporal  variability  of  the  flow  field. 
The  IIP  operations  area  contains  two  major 
current  systems,  the  cold  Labrador  Current 
and  the  warm  North  Atlantic  Current,  with 
its  associated  eddies  and  meanders.  A 
mean  geostrophic  flow  field  cannot 
describe  this  complex  circulation  well 
enough  to  predict 
adequately.  The  use  of 
near  real-time  current 
promise . 


iceberg  motion 
TOD  *  s  to  provide 
has  shown  some 


In  1984  an  IIP  oceanographic  cruise  aboard 
USCGC  HORNBEAM  compared  the  motion  of 
TOD's  drogued  at  30m  with  the  geostrophic 
flow  field  determined  from  a  hydrographic 
survey.  The  buoy  motions  matched  the 
calculated  geostrophic  flow  well  in  the 
portion  of  the  survey  area  in  which  there 
was  a  well-defined  flow. 


The  IIP  research  program  also  includes 
iceberg  drift  studies  during  which  a 
vessel  follows  an  iceberg  for  up  to  7 
days,  while  at  the  same  time,  collecting 
meteorological  data  and  monitoring  the 

drift  of  several  buoys  in  the  vicinity  of 
the  iceberg.  A  1988  research  cruise 
aboard  USCGC  EVERGREEN  will  include  two 
seven-day  drift  periods.  These  results 
will  be  used  to  test  the  drift  predictions 
of  the  IIP  iceberg  drift  model  so  that  the 
prediction  errors  can  be  assessed. 

Previous  research  has  shown4  that  ocean 
features  can  be  detected  by  SLAR. 

Currently,  IIP  is  investigating  the 
usefulness  of  real-time  detection  of  ocean 
fronts  in  the  dynamic  areas  south  and 
east  of  Grand  Bank  to  assist  in  predicting 
iceberg  drift.  Figure  4  shows  the  sharp 
boundary  between  cold  Labrador  Current 
waters  and  warm  Gulf  Stream  waters  near 
the  Tail  of  the  Bank  on  28  April  1985. 
This  feature  was  supported  by  the 

National  Oceanic  and  Atmospheric 

Administration  Analysis  of  22  April  1985 
showing  the  sea  surface  temperature 

distribution. 


The  International  Ice  Patrol  is 
responsible  for  conducting  the  operational 
marine  science  program  of  the  Coast  Guard 
and  has  planned  an  active  oceanographic 
program  on  the  Grand  Banks  for  the  next 

four  years.  Through  daily  iceberg  data 
exchanges  with  Canadian  government  and 
industry  and  the  technological  advances, 
i.e.  SLAR,  TOD,  the  IIP  will  keep  the 

North  Atlantic  mariner  informed  of  the 
hazardous  ice  which  exists  in  and  around 
the  Grand  Banks.  Our  goal  is  to  maintain 

our  record  of  no  loss  of  life  or  property 

due  to  collision  with  an  iceberg  outside 
the  advertised  limits  of  all  known  ice 
while  the  service  has  been  in  operation. 
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c.  Deterioration. 

Two  recent  studies5*6  have  shown  that 
the  algorithms  that  form  the  basis  for  the 
IIP  iceberg  deterioration  model  product 
accurate  predictions  when  on-scene  input 
data  are  used.  However,  taken  together, 
these  two  studies  represent  the 
deterioration  of  three  icebergs,  two  ol 
them  grounded.  In  1985,  IIP  is  continuing 
iceberg  deterioration  research  during  a 
four-week  cruise  aboard  USCGC  EVERGREEN 
(WMEC  295).  At  most,  this  effort  will  add 
two  more  icebergs  to  the  data  set. 
Research  into  deterioration  is  time 
consuming  and  will  likely  continue  for  the 
next  several  years. 


6.  Venkatesh,  S.,  M.  El 
Mitten,  1985.  An 

Deterioration  Field 
Simulations.  Annals  of 
(In  press) . 
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Figure  1. 


international  Ice  Patrol  operations  area. 
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Figure  2.  SLAR  image  taken  from  an  altitude 
feet  shows  icebergs  (arrows)  amidst  patches 
ice  (dark  patches). 
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Figure  3.  Tracks  of  three  Tiros  Oceanographic 
Drifters  (4509,  4512,  and  4531)  deployed  in  the 
International  Ice  Patrol  operations  area  during  1984. 
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Figure  4.  SLAR  image  taken  on  28  April  1985  from 
8000  feet  showing  the  boundary  between  cold  (light 
grey)  water  and  warm  (dark)  North  Atlantic  Current 
water  near  the  Tail  of  the  Bank. 
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ABSTRACT 

Icebreakers  conduct  expeditions  to  the 
polar  regions  during  all  seasons  of  the 
year.  Knowledge  of  the  sea  ice  conditions 
along  an  icebreaker's  intended  route  comes 
either  from  recon  by  the  vessel's  embark¬ 
ed  helicopters,  or  from  the  aloft  conn  on 
the  mast.  No  current  method  has  proved 
fully  adequate  for  the  routing  of  ice¬ 
breakers  in  sea  ice.  This  is  especially 
true  given  the  trend  to  extend  operations 
into  the  fall  and  winter  when  sea  ice 
conditions  are  the  most  severe  and  the 
prolonged  darkness  of  the  polar  night  pre¬ 
cludes  the  use  of  conventional  methods  of 
recon.  Consequently  a  certain  degree  of 
inefficiency  must  be  accepted  in  terms  of 
lost  time,  greater  fuel  consumption,  in¬ 
creased  wear  and  tear  on  the  vessel  and 
machinery,  and  a  heightened  chance  of 
besetment.  This  paper  discusses  the  need 
for  remote  sensing  in  support  of  ice¬ 
breaker  navigation  in  sea  ice,  the  present 
capabilities  and  future  possibilities. 

1.  INTRODUCTION 

U.S.  polar  icebreakers  routinely  operate 
in  the  ice-covered  waters  of  North 
America,  Greenland  and  Antarctica.  Their 
polar  missions  include  the  annual  resupply 
of  U.S.  stations  in  the  Arctic  and 
Antarctic  ,  logistical  support,  and 
scientific  and  engineering  research. 
Historically,  the  Department  of'  Defense 
and  the  National  Science  Foundation, 
together,  have  accounted  for  75%  of  the 
total  employment  days  for  the  polar 
icebreaker  fleet  [11.  DoD  requirements 
encompass  all  of  the  above-mentioned 
activities  in  the  arctic  regions  of  Alaska 
and  Greenland.  The  support  is  provided 
for  both  classified  and  unclassified 
projects . 

Conventional  icebreakers  vary  in  their 
ability  to  break  ice,  principally,  in 
accord  with  their  displacement  and 
propulsion  power.  The  most  powerful  U.S. 
polar  icebreakers  can  break  5  or  more  feet 
of  unde  formed,  level  sea  ice  at  a 
continuous  speed  of  3  knots .  In  the 
backing  and  ramming  mode  this  value  can  be 
exceeded  by  a  factor  of  two  to  four. 


Other  polar  icebreakers  in  the  fleet  are 
rated  at  3-4  feet  for  level  sea  ice. 
Regardless  of  ice-breaking  capability,  all 
icebreakers  can  benefit  from  the 
intelligent  use  of  sea  ice  reconnaissance 
to:  1)  extend  the  range  of  polar 

operations,  2)  avoid  unnecessary  wear  and 
tear  on  the  vessel  and  its  machinery  which 
add  to  maintenance  costs  and  impair 
mission  effectiveness,  3)  conserve  fuel  to 
decrease  costs  and  increase  on-scene 
endurance  time,  and  4)  decrease  the 
likelihood  of  becoming  beset  with  all  of 
the  concomitant  danger  and  expense. 
Hence,  the  following  discussion  defines 
the  role  of  remote  sensing  in  polar 
icebreaker  operations . 

2.  REQUIREMENT 

The  requirement  for  remote  sensing 
originates  with  the  twin  goals  of 
transiting  ice-covered  waters  with 
maximum  efficiency  (i.e.,  in  the  swiftest 
manner  with  minimum  fuel  consumption) 
while  at  the  same  time  avoiding  hazards . 
The  baseline  measurements  for  supporting 
ice  navigation  have  been  determined  from  a 
poll  of  icebreaker  commanding  officers  and 
others  experienced  in  ice  operations.  This 
group  constituted  a  subset  of  individuals 
in  a  1933  Navy/NOAA  Joint  Ice  Center 
survey  of  user  requirements  (Table  1). 
The  information  needed  to  support 
icebreaker  routing  and  ice  piloting  may  be 
summarized  as  follows: 

o  Feature  identif ication  and  location: 
ridges,  rubble  fields,  leads,  and 
polynyas 

o  Extent  and  concentration  by  age/type 
o  Ice  thickness 

o  Snow  cover  extent  and  thickness 
o  Ice  drift  velocity 
o  Internal  stress 

The  ability  to  obtain  timely,  detailed  and 
accurate  information  about  sea  ice 

conditions  has  both  a  strategic  and 
tactical  significance  for  icebreaker 
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TABLE  1.  TJ.S.  COAST  GUARD  SEA  ICE  RECONNAISSANCE  REQUIREMENTS  (PRELIMINARY) 


OBSERVATIONAL  REQUIREMENT 

PRODUCT 

TYPE 

RESOLUTION 

DELIVERY 

OF 

ACCURACY 

SPACE  FREQUENCY 

(TIME  DELAY) 

PARAMETER 

OBSERVATION 

DESIRED  MIN 

DESIRED 

MIN 

DESIRED 

MIN 

DESIRED  Mltf 

Thickness 

Area  Average 

0. 

2  m 

1  m 

50  m 

1  km 

daily 

3 

days 

< 

3h 

<  Id 

Boundary 

Line  Position 

1 

km 

10  km 

1  km 

10  km 

daily 

3 

days 

< 

3h 

<  Id 

Concentration 

%  of  Area 

5 

% 

10  % 

1  km 

13  km 

daily 

3 

days 

< 

3h 

<  Id 

Motion 

Point  Displ. 

100 

m/d 

2  km/d 

5  km 

20  km 

0 . 25d 

1 

day 

< 

3h 

<0 . 25d 

Ridging 

Density 

Number /Are a 

10 

% 

25  % 

100  m 

1  km 

daily 

3 

days 

< 

3h 

<  Id 

Orientation 

Orientation 

10 

deg . 

.  30  deg. 

,  NA 

NA 

daily 

3 

days 

< 

3h 

<  Id 

Height 

Ht. (Sail/Keel) 

1 

m 

2  m 

NA 

NA 

daily 

3 

days 

< 

3h 

<  Id 

Ice  Type 

Frac/ Area 

5 

% 

10  % 

1  km 

10  km 

daily 

3 

days 

< 

3h 

<  Id 

Leads 

Location 

by  Type 

Line  Position 

20 

m 

103  m 

100  m 

1  km 

0.5  d 

1 

day 

< 

3h 

<  0.5d 

Orientation 

Orientation 

10 

deg . 

.  30  deg. 

NA 

NA 

0.5  d 

1 

day 

< 

3h 

<  0 . 5d 

Floe  Position 

Point  Location 

20 

m 

100  m 

20  m 

100  m 

0. 25d 

1 

day 

< 

3h 

<0. 25d 

Surface  Melting 

Frac/ Area 

5 

% 

10  % 

53  m 

1  km 

daily 

3 

days 

< 

3h 

<  Id 

Snow  Cover 

Frac/Area 

5% 

10% 

100  m 

1  km 

daily 

3 

days 

< 

3h 

<  Id 

Thickness  0 

.2  i 

0.5  m 

50  m 

1  km 

daily 

3 

days 

< 

3h 

<  Id 

navigation.  Wide  area  surveillance  at 
less  frequent  intervals  satisfies  the 
strategic  need  for  assessing  the 
variability  of  the  ice  cover  on  a  semi¬ 
basin  or  whole-sea  basis  for  general  route 
planning.  Likewise  data  of  these  type  are 
important  for  their  contribution  to  the 
sea  ice  climatological  record,  a  record 
which  is  used  in  designing  new  icebreakers 
and  in  delimiting  the  operating  range  of 
existing  ones .  The  strategic  requirements 
may  be  character-!  zed  as  being  the  less 
stringent  ones  in  terms  of  spatial 
resolution  and  frequency  of  observation. 
For  the  most  part,  strategic  requirements 
may  be  met  by  existing  remote  sensing 
systems . 

Tactical  support  for  icebreaker  navigation 
implies  a  daily  reconnaissance  capability 
for  an  area  equal  to  the  maximum  distance 
an  icebreaker  can  travel  in  sea  ice  in  one 
day  (  <_  250  km)  .  This  requirement  might  be 
relaxed  to  an  observational  frequency  of 
every  other  day  with  a  coverage  of  500  km 
in  areas  and  at  times  where  the  sea  ice  is 
not  highly  dynamic.  The  key  character¬ 
istics  of  a  tactical  ice  reconnaissance 
system  are: 

o  All-weather,  day /night  capability 
(implies  microwave  sensors) 


o  High  spatial  resolution  and 
observational  frequency 

o  Near-real- time  data  processing  and 
analysis  (including  time  tag  and 
geolocation  for  imagery) 

o  Data  telemetry  to  vessels  in  high 
latitudes 

Tactical  ice  reconnaissance  must  be  timely 
enough,  in  that  the  products  have  to 
arrive  on-scene  in  time  to  incorporate  the 
information  they  contain  in  the  decision¬ 
making  process  for  route  planning,  and  be 
of  sufficiently  high  enough  resolution  to 
discriminate  features  on  a  scale  that  is 
useful  for  ice  piloting.  The  attributes 
for  the  measured  parameters  in  Table  l 
relate  more  to  the  tactical  than  the 
strategic  requirements. 

3.  PRESENT  CAPABILITY 

U.S.  Coast  Guard  icebreakers  generally 
deploy  with  two  embarked  HH-52A  'Sea 
Guardian'  helicopters  (scheduled  to  be 
replaced  by  the  HH-65A  'Dolphin'  at  the 
end  of  the  decade) .  These  helicopters  are 
essential  for  general  logistical  support 
and  add  to  the  scientific  research 
capability  of  the  vessel,  as  well  as  being 
the  primary  reconnaissance  vehicles  for 
the  icebreakers.  While  the  advantages  of 
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helicopter  sea  ice  reconnaissance  are 
evident  —  extended  range  beyond  vessel's 
height -of -eye,  direct  observation  by  human 
observer,  etc.  —  there  are  disadvantages 
from  limitations  associated  with  weather, 
visibility,  darkness,  range,  and  launch 
windows.  Helicopter  reconnaissance,  being 
visual,  cannot  penetrate  snow  cover  or 
peer  through  snow  storms  to  identify  ice 
conditions  below.  The  only  other 
alternative  to  helicopter  reconnaissance 
is  the  shipboard  radar  and  the  vantage 
point  offered  to  the  observers  in  the 
aloft  conn  on  the  mast.  These 
alternatives  are,  of  course,  extremely 
range-limited,  and  suffer  from  all  of  the 
weather  and  darkness  restrictions  of  the 
helicopters  except  for  the  radar.  Hence, 
one  might  say  that  icebreakers  are  very 
limited  in  their  ability  to  supply,  on 
their  own,  sea  ice  reconnaissance  which 
can  contribute  to  effective  routing. 

Recognizing  these  shortcomings,  other 
nations  have  incorporated  advances  in 
remote  sensing  technology  into  their 
routine  icebreaker  operations.  where 
needed.  The  USSR  operates  the  largest 
water-borne  transportation  system  in  ice- 
covered  waters  of  the  world  along  the 
Northern  Sea  Route.  One  report  estimates 
that  the  annual  cargo  volume  exceeded  15 
million  tons  for  the  period  of  1976-193J 
through  extension  of  the  navigation  season 
[2].  The  Northern  Sea  Route,  which 
supplies  communities  of  the  Soviet  arctic 
from  Murmansk  to  Provideniya,  is  supported 
by  an  aircraft-  and  satellite-based  micro- 
wave  ice  reconnaissance  system.  Tactical 
reconnaissance  is  accomplished  from  fixed- 
wing  aircraft  equipped  with  side-looking 
airborne  radar  (SLAR)  [3].  A  real- 
aperture  imaging  radar  aboard  the  COSMOS- 
1500  satellite  provides  both  strategic  and 
tactical  sea  ice  surveillance.  With 
direct  satellite-to-ground  links  to 
processing  centers  at  Novosibirsk  and 
Khabarovsk,  all-weather,  day/night  remote 
sensing  is  available  to  aid  the 
icebreakers  and  cargo  vessels  along  the 
Northern  Sea  Route.  This  system  is 
credited  with  guiding  the  approximately  50 
supply  ships  and  icebreakers  that  had 
become  trapped  in  the  heavy  arctic  Ice 
near  Wrangel  Island  in  the  Chukchi  Sea  in 
the  fall  of  1933  [4]. 

In  the  western  Arctic  Canadian 
entrepreneurs  are  exploring  the  Beaufort 
and  Labrador  Seas  for  oil  and  gas ,  and  the 
arctic  islands  for  mineral  resources. 
Private  companies  provide  remotely-sensed 
reconnaissance  so  that  industry  might 
pursue  their  activities  most  economically 
and  at  reduced  risk.  Radar-equipped 
aircraft  operate  out  of  Inuvik,  NWT  in  the 
Beaufort  Sea  to  give  the  operators  of 
arctic  drill  ships  and  man-made  islands 
with  rigs  a  detailed  view  of  the 


surrounding  ice  conditions,  ice  field 
motion,  and  the  presence  of  any  hazards  to 
the  rigs  such  as  large  multi-year  floes 
and  icebergs.  This  information  is 

regularly  relayed  to  the  drill  rigs  and 
the  commercial  ice-breaking  support 
vessels  which  tend  them  and  are 
responsible  for  their  safety.  A  similar 
operation  is  conducted  from  airfields  in 
Newfoundland  and  Labrador  to  assess  the 
ice  conditions  and  to  locate  icebergs 
which  are  a  threat  to  drilling  operations 
off  the  east  coast  of  Canada.  In  addition 
to  assisting  oil  and  gas  exploration  in 
this  region,  aircraft  imaging  radar  is 
used  to  extend  the  navigation  season  of 
the  ice-breaking  ore  carrier,  M/V  ARCTIC, 
between  Little  Cornwallis  Island  in  the 
Canadian  arctic  archipelago  and  Europe 
[5]. 


Capabilities  in  the  United  States  for 
supporting  icebreaker  navigation  have  been 
limited  to  the  strategic.  Regular  sea  ice 
analyses  and  forecasts  for  all  polar 
regions  are  provided  by  the  Navy/NOAA 
Joint  Ice  Canter  (JIC)  in  Suitland, 
Maryland.  Radioteletype  messages  are 
transmitted  weekly  delineating  the  ice 
edge  and  ice  concentrations  within. 
Contoured  ice  charts  are  available  in 
radio  facsimile  form  in  some  select 
regions.  These  products  are  derived 
primarily  from  NOAA  polar-orbiting 
satellite  visible  and  infrared  imagery 
(AVHRR) ,  supplemented  by  some  Nimbus 
passive  microwave  images  and  Navy  aircraft 
reconnaissance  [6].  At  a  recent  briefing 
JIC  noted  the  following  limitations  using 
currently  available  resources: 


o  Limited  all  weather  capability 

o  Limited  ability  to  determine 
ridging/keeling 

o  Limited  iceberg,  poiynya,  and  lead 
detection 

o  Limited  ability  to  determine  age  or 
ice  thickness 


In  addition  to  receiving  the  Navy  messages 
the  two  U.S.  POLAR  Class  icebreakers 
(POLAR  SEA  and  POLAR  STAR)  are  equipped 
with  modern  APT  (Automatic  Picture 
Transmission)  color  interactive  processing 
systems  which  allow  them  to  receive  low 

resolution  (~  A  ^ 

4  km  x  4  Km)  visible  and 

infrared  imagery  from  the  polar-orbi ting 
meteorological  satellites. 

While  the  above-mentioned  services  are 
adequate  for  strategic  purposes  they  offer 
little  or  no  capability  for  the  tactical 
requirement.  Describing  the  first  use  of 
the  APT  aboard  the  USCGC  POLAR  SEA  in  the 
Chukchi  and  Bering  Seas  during  the  winter 
1933  cruise,  the  commanding  officer  said: 
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"  Although  the  APT  imagery  showed  much 
lighter  ice  conditions  to  the  east 

ofNunivak  and  St.  Lawrence  Islands 
(Figure  1)  the  user  group's  project 
called  for  a  transit  to  the  west  of 
these  islands,  an  area  shown  by  the  APT 
to  have  fairly  heavy  ice  concentrations . 
Our  transit  confirmed  this  and  resulted 
in  several  days  of  backing  and  ramming 
operations,  which  was  both  time 
consuming  and  increased  our  fuel 
consumption  considerably.  It  was  agreed 
that,  had  it  not  been  for  the  project 

requirements,  our  trip  to  the  Chukchi 
Sea  could  have  been  accomplished  quicker 
and  on  less  fuel  if  we  had  gone  up  the 
east  side  of  the  islands,  as  had  been 

suggested  by  the  APT.  Once  past  the 

Bering  Straits,  the  APT  was  very 
influential  in  determining  the  ship’s 
intended  track  and  the  direction  in 
which  the  ice  recon  helo  flights  would 
be  made.  "  [7] 

One  of  the  project  scientists  on  that 
deployment  stated  in  a  traf f icability 
study  report  that: 

"  In  the  Bering  Strait,  a  route  was 
specifically  identified  from  APT 
products  as  containing  thin  ice  and 
resulted  in  savings  of  both  fuel  and 
time  (Figure  2).  In  summary,  the 

shipboard  APT  system  was  employed  as  an 
operational  aid  to  navigation.  This 
satellite  data  proved  to  be  extremely 
valuable  in  identifying  the  large  scale 
features  of  the  ice  cover  on  the  Bering 
and  Chukchi  Seas.  "  [3] 


FIGURE  1.  APT  image  ( AVHRR-vis . )  of  the 
Bering  Sea  showing  open  water  (or  new  ice) 
to  the  east  of  St.  Lawrence  Island  and 
heavy  ice  concentrations  to  the  west 


FIGURE  2.  APT  image  (AVHRR-vis.)  of  the 
northern  Bering  Sea  and  the  Chukchi  Sea 
showing  a  shore  lead  (or  new  ice)  on  the 
eastern  side  of  Bering  Strait  continuing 
around  into  the  Beaufort  Sea 


CHUKCHI  SEA 


2he  commanding  officer  of  POLAR  SEA  ends 
his  evaluation  of  the  APT  with  the 
following  caveats: 

"  In  conclusion  it  is  felt  that  the  APT 
system  is  quite  an  asset  in  weather  and 
ice  observation  and  in  navigation 
planning.  However  its  usefulness  in 
navigation  through  ice  is  limited  to  its 
resolution  and  inability  to  'see' 
through  cloud  cover.  " 

4.  SEA  ICE  RECONNAISSANCE  SENSORS 

There  are  a  number  of  sensor  systems  in 
existence,  under  development,  or  in  the 
planning  stages  which  show  considerable 
promise  for  meeting  many  of  the  tactical 
requirements  for  supporting  ice 
navigation.  These  systems,  both  airborne 
and  spaceborne,  consist  mainly  of 
microwave  instruments  which  possesses 
day/night  and  almost  all-weather 
capability.  Each  of  these  sensors  and 
their  potential  application  for  sea  ice 
remote  sensing  will  be  discussed.  (Table  2 
provides  a  summary.) 

SAR,  SLAR  - 

Synthetic  Aperture  Radar  and  Side- looking 
Airborne  Radar  are  terrain-mapping  imaging 
radars.  While  both  can  anl  are  flown  in 
airplanes,  only  SAR  can  provide  high- 
resolution  images  from  spacecraft 
altitudes.  Imaging  radars  have  sufficient 
resolution  (~  20-33  m  for  spacecraft  SAR) 
and  an  appropriate  vieving  geometry  to 
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distinguish  sea  ice  features  of  interest 
to  navigation,  as  well  as  a  limited 
capacity  for  ice  classification. 

Commercial  aircraft  SAR  systems  exist  that 
have  even  higher  resolution  and  real-time 
processing  as  well.  There  are  plans  to 
launch  two  satellites  with  SAR  which  could 
be  utilized  for  sea  ice  reconnaissance  -- 
ERS— 1  ( European  Space  Agency,  1939)  and 
Radar sat  (Canada,  1999)  —  both  operating 
at  ,C-band  (5.3  GHz)  and  having  a  nominal 
resolution  of  25-30  m.  Efforts  to 
establish  a  U.S.  ground  station  to  receive 
and  process  these  data  at  Fairbanks, 
Alaska  are  already  underway.  In  addition 
to  these  " f rae-f lyers"  in  near-polar 
orbits,  several  Shuttle  Imaging  Radar 
(SIR)  experiments  at  X-  and  L-bands  are 
planned  for  the  latter  half  of  this 
decade . 

Advantages : 

-  feature  identification  (e.g., 
ridges,  leads,  floes,  etc.) 


-  high  resolution  (SAR) 

(e.g.,  £ 1 0  m ) 

-  limited  classification  (open 
water,  lst-yr,  old) 

-  (dry)  snow  penetration 

-  ice  motion  vectors  from 
repetitive  coverage 

Disadvantages : 

-  classification  ambiguities: 
distinguishing  open  water  in 
still  air  from  new  and  young 
ice;  lst-yr  from  multi-yr 
during  melt  and  freeze-up;  wet 
snow  cover 

-  vary  high  data  rates 

-  complex  processing  (SAR) 


TABLE  2 . 


PLANNED  EARTH  OBSERVATION  SATELLITE  SYSTEMS  WITH  RELEVANCE  TO  SEA  ICE 
RECONNAISSANCE  AND  FORECASTING 


MISSION1 

NATION 

YEAR 

SENSORS2 

TYPE  NAME 

MEASURED  OR 
INFERRED 

PARAMETERS 

APPLICATION 
STRATEGIC  TACTICAL 

DMSP 

USA 

1936 

PM 

S3M/I 

ICE  EXTENT /CONC. 

GOOD 

POOR 

ERS-1 

ESA3 

1989 

SAR 

AMI 

ICE  EXTENT/ FEATURES 

GOOD 

GOOD 

TYPE 

GOOD 

FAIR 

NROSS 

USA 

1939 

PM 

SSM./ 1 

ICE  EXTENT/CONC. 

GOOD 

POOR 

JERS-1 

JAPAN 

1990 

SAR 

SAR 

ICE  EXTENT/ FEATURES 

GOOD 

GOOD 

TYPE 

GOOD 

FAIR 

RADARS AT 

CANADA 

1990-91 

SAR 

SAR 

ECE  EXTENT/FEATURES 

GOOD 

GOOD 

TYPE 

GOOD 

FAIR 

NOAA  J-M 

USA 

1 936-? 

DCLS 

ARGOS 

ICE  DRIFT/WX/OCEANO 

GOOD 

FAIR 

SPACE 

USA 

199? 

PM 

AMR/HMMR 

ICE  EXTENT/CONC. 

GOOD 

GOOD 

STATION 

SAR 

SEASAR 

ICE  EXTENT/FEATURES 

GOOD 

GOOD 

TYPE 

GOOD 

FAIR 

SCAT 

NSCAT 

ROUGHNESS 

GOOD 

GOOD 

DCLS 

DCLS 

ICE  DRIFT/WX/OCEANO 

GOOD 

FAIR 

Hussion  ACRONYMS:  DMSP  -  Defense  Meteorological  Satellite  Program;  ERS-1  -  ESA  Remote 
Sensing  Satellite;  NR0S3  -  Navy  Remote  Ocean  Sensing  System;  JERS-1  -  Jaoanese  Earth 
Remote  Sensing  Satellite 

^SENSOR  ACRONYMS:  PM  -  Passive  Microwave  Radiometer/ Imager ;  SAR  -  Synthetic  Aperture  Radar 
DCLS-  Data  Collection  and  Locating  System;  SCAT  -  Radar  Scatterometer 
SENSOR  NAMES:  SSM,/ 1  -  Special  Sensor  Microwave/imager;  AMI  -  Active  Microwave  Instrument; 
AMR/HMMR  -  Advanced  Microwave  Radiometer/High-Resolut Lon  Multifrequency  Microwave 
Radiometer;  NSCAT  -  NR0S3  Scatterometer 

3 

ESA  -  European  Space  Agency 
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Passive  Microwave  Radiometer s- 

Passive  microwave  radiometers  may  also  be 
flown  at  spacecraft  as  well  as  aircraft 
altitudes.  They  work  at  day  and  at  night, 
can  penetrate  cloud  cover,  and  are  not 
affected  by  weather  except  for  heavy 
precipitation.  The  resolution  of 

spacecraft  passive  microwave  sensors 
ranges  from  39  km  for  the  Nimbus  7 
Scanning  Multifrequency  Microwave 

Radiometer  ( SMMR)  [9]  to  16  x  14  km  for 
the  Defense  Meteorological  Satellite's 

Special  Sensor  Microwave/imager  (SSM/l). 
SSM/l  is  scheduled  for  launch  in  1936 
[19].  Recent  aircraft  experiments  at  99 

and  149  GHz  show  considerable  promise  for 
discriminating  among  new,  young,  first- 
year,  old  ice,  and  open  water  [11]. 
Unlike  SAR,  however,  the  resolution  of 
passive  microwave  imagers  varies  as  a 
function  of  altitude.  Hence,  high 

resolution  from  spacecraft  altitudes  would 
require  the  use  of  extremely  large 

antennas . 

Advantages : 

sea  ice  edge  location 
ice  concentration  by  type 
wide -swath  (1394  km  for  SSM/l) 


Disadvantages : 


low  resolution  precludes  all 
but  very  large  feature  ident¬ 
ification  from  space  and 
results  in  the  spatial 
averaging  of  inhomogeneous 
ice  types 

sensitivity  to  radio  frequency 
interference  [12] 

ice  classification  ambiguities 
introduced  by  ice  that  is  wet 
or  snow-covered 


Impulse  Radar- 

One  of  the  most  useful  parameters  to  be 
measured  in  support  of  ice  navigation,  yet 
one  of  the  most  difficult  to  accomplish,  is 
ice  thickness .  A  variety  of  techniques 
have  been  evaluated  using  electromagnetic 
and  acoustic  sensors  to  remotely  estimate 
sea  ice  thickness  [13].  Most  of  the 
results  have  been  disappointing  with  a  few 
notable  exceptions .  Impulse  and  FM/Ctf 
radars  operating  at  low  frequencies  (10  - 
390  MHz)  have  been  shown  to  be  capable  of 
receiving  and  detecting  signal  returns  from 
the  ice/ surf a ce  and  ice/ sea  water 
interfaces  under  certain  circumstances . 
Combining  measurements,  or  in  some  cases 
estimates,  of  the  relative  dielectric 
constant  of  the  ice  with  the  time  delays  of 


the  radar  signal  from  the  two  interfaces, 
allows  an  estimate  of  ice  thickness  of 
reasonable  enough  accuracy  to  be  a 
contribution  to  ice  navigation.  It  is  in 
fact  one  such  device,  the  '  Lyod '  (or 
'Ledostav'),  that  purportedly  surveyed  ice 
thickness  along  the  route  of  the  Soviet 
icebreaker  LEONID  BRESHNEV  ( formerly 
ARKTIKA)  on  her  1977  voyage  to  the  North 
Pole  [14]. 


Impulse  radars  have  been  investigated  in 
the  U.S.  and  Canada  in  an  effort  to 
document  their  capabilities  and  limitations 
[15].  Difficulties  in  the  universal 
application  of  radars  designed  to  measure 
ice  thickness  stem  from  the  dielectric 
properties  of  sea  ice  and  the  effect  they 
have  on  electromagnetic  interaction.  Young 
sea  ice  has  a  high  saline  content.  As  sea 
ice  ages  the  inclusions  of  saline  water 
form  brine  channels  and  drain  toward  the 
bottom  layers;  hence,  the  ice  becomes  less 
saline  with  time.  Saline  ice  is  said  to  be 
electromagnetically  'lossy',  causing  it  to 
absorb  and  attenuate  electrical  radiation 
directed  at  it.  Sea  ice  tends  to  contain 
brine  and  air  pockets  which  scatter  energy 
as  well.  Ice  that  has  been  deformed  into 
ridges  and  hummocks  are  composed  of  blocks 
of  ice  enclosing  voids  filled  with  air  and 
sea  water  which  freezes  and  melts  and  re- 
freezes  over  time.  Furthermore,  studies 
have  shown  that  when  ice  crystals  are 
formed  they  tend  to  align  themselves  along 
a  preferred  c-axis,  such  that  the 
electromagnetic  energy  is  radiated 
differentially  relative  to  a  given  azimuth 
angle  with  respect  to  the  c-axis  field. 

The  consequence  of  all  of  this  is  that:  1) 
the  lossiness  of  the  ice  attenuates  the 
signal  to  the  extent  that  it  is  sometimes 
not  possible  to  obtain  a  return  from  the 
.ice/water  interface;  2)  low  frequencies 
must  be  used  to  achieve  penetration  of  the 
ice,  thus  reducing  the  vertical  resolution 
of  the  measurement;  3)  high  gain  systems 
are  required  to  overcome  the  lossiness  of 
the  ice;  4)  the  inhomogeneity  of  the  ice 
(e.g.,  brine  and  air  in  voids; 
melting/ formation  at  the  ice  undersurface) 
leads  to  a  lack  of  definition  of  the 
ice/water  interface,  hence,  introducing 
errors  in  the  thickness  measurement;  and  5) 
the  c-axis  orientation  will  affect  the 
radar  return  relative  to  the  orientation  of 
the  antenna  and  its  polarization. 
Nevertheless  some  success  has  been  achieved 
from  sled  and  helicopter-mounted 
instruments  making  measurements  near  the 
ice  surface  [15,17].  Research  to  date 
indicates  that  impulse  radar  may  be  able  to 
measure  the  thickness  of  level  first  year 
ice  and  possibly  some  multi-year  ridges  as 
well,  but  has  not  been  shown  to  b2 
successful  on  first-year  ridges. 
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Adv  ant ages  : 

-  limited  capability  for  remote 
estimation  of  ice  thickness 

Disadvantages : 

-  must  be  conducted  near  the 
surface  (_<_  30  m)  from  a  slow- 
moving  vehicle 

-  not  capable  of  measuring 
thickness  for  all  ice  types  and 
under  all  conditions 

“  the  relative  dielectric  constant 
must  be  determined  from  samples 
or  inferred  from  the  ice  type  to 
calculate  thickness  (Note:  This 
requirement  may  be  eliminated 
through  use  of  dual  antennas) 

Radar  Altimeters  and  Scatterometers- 

fhere  are  other  kinds  of  active  radars 
altimeters  and  scatterometers,  for 
instance  —  that  can  provide  additional 
information  about  ice  such  as  surface 
roughness.  This  is  useful  in  modeling  ice 
drift  velocity  and  in  characterizing  ice 
type.  However,  either  because  of  a  narrow 
sensor  swath  and/or  the  nature  of  the 
parameter  measured,  these  sensors  will  not 
be  considered  for  inclusion  in  the  baseline 
core  of  instruments  of  a  reconnaissance 
system  meeting  the  tactical  requirements 
for  ice  navigation  and  piloting  support.  As 
mentioned  above,  non-microwave  sensors  have 
been  eliminated  from  the  outset  as  they 
cannot  meet  the  all-weather,  day/night 
criteria . 

5.  PILOT  PROJECT 

In  November  of  1934  an  opportunity 
presented  itself  to  demonstrate  the 
feasibility  of  applying  remotely— sensed 
data  to  aid  icebreaker  navigation  under 
operational  conditions .  The  USCGC  POLAR 
SEA,  on  the  22  nd  of  November  during  an 
Arctic  Summer  West  '34  deployment  to  the 
Beaufort  Sea,  became  temporarily  beset  in  a 
ridge  in  a  shear  zone  area  under 
considerable  pressure  approximately  110  km 
northwest  of  Prudhoe  Bay,  Alaska  (Figure 
3).  Intera  Radar  Services  Ltd.  of  Calgary, 
Alberta  was  asked  and  agreed  to  overfly 
POLAR  SEA  with  their  STAR-1  synthetic 
aperture  radar  operating  out  of  Inuvik, 
-TNT .  The  imagery  taken  on  the  27  th  of 
November,  when  the  POLAR  SEA  had  managed  to 
extract  herself  from  a  ridge  15-25  m  deep, 
was  processed  on  board  the  STAR-1  aircraft 
and  air-dropped  to  the  icebreaker  at  the 
completion  of  the  reconnaissance  flight. 

In  the  image  one  can  clearly  see  a  series 
of  ridges  (bright  linear  features  tending 
NN  to  3E )  converging  at  a  point  where  the 
icebreaker  had  become  beset  in  the  shear 
zone  (Figure  4).  Bright  features  in  the 


image  are  multi-year  ice  and  dark  areas  are 
first-year  or  new  ice.  The  trackline  taken 
by  the  icebreaker  the  next  day  is  shown  on 
the  imagery.  Commenting  on  the  use  of  the 
SAR  imagery,  POLAR  SEA's  commanding  officer 
said, 

"  On  that  date  [November  27],  POLAR  SEA 
had  just  backed  free  of  a  shear  zone 
pressure  area  after  being  beset  for  five 
days.  POLAR  SEA  was  facing  a  transit 
through  10-30  miles  of  rubble  fields  and 
ridges  created  by  shear  zone  activity  on 
22  November.  The  imagery  provided 

excellent  detail  and  clarity  of  the  ice 
conditions;  including  the  location  of 
rubble  fields  and  shear  ridges.  The 
imagery  and  ice  reconnaissance  using 
ship's  helicopters  allowed  POLAR  SEA  to 
effectively  choose  a  route  through  these 
areas  of  pressured  ice  ...  In  my 
opinion,  radar  imagery  has  definite 
application  to  icebreaker  operations  in 
the  Arctic.  This  is  particularly  true 
during  the  late  and  early  periods  of  the 
ice  season  when  darkness  and  weather 
often  limit  helicopter  ice  reconnais¬ 
sance.  "  [18] 

One  might  speculate  with  hindsight  that  had 
such  imagery  been  routinely  available  to 
the  icebreaker  as  part  of  an  operational 
sea  ice  reconnaissance  system,  the  ridge 
and  rubble  area  of  multi-year  ice,  and  the 
focus  of  pressure  developing  there  by  the 
shearing  motion,  might  have  been  recognized 
and  avoided.  It  is  noteworthy  that  this 
incident  occurred  at  a  time  and  place  when 
daylight  is  limited  to  only  a  few  hours  of 
twilight  each  day. 

6 .  THE  FUTURE 

Continued  experimentation  with  aircraft 
remote  sensing  systems  will  lead  to  the 
further  refinement  of  sensor  parameters  for 
sea  ice  reconnaissance  (e.g.,  frequency, 
polarization,  look  angle,  integration  time, 
gain,  etc.).  In  turn  these  developments 
will  be  translated  into  polar-orbiting 
satellite  systems  as  evidenced  by  a  couple 
of  planned  non-U. S.  earth  observation 
platforms  [10]  as  well  as  those  proposed 
for  the  U.S.  Space  Station  during  the  next 
decade  [20].  Spaceborne  systems,  both 
planned  and  proposed,  with  relevance  to  sea 
ice  reconnaissance  are  summarized  in  Table 
2  . 

It  remains  to  be  seen  whether  any  of  these 
systems  will  successfully  evolve  into  a 
fully-operational  sea  ice  monitoring 
program  that  could  support  tactical  ice 
navigation.  While  prograss  is  slowly  made 
toward  building  and  launching  appropriate 
sensors  there  exists  considerable  concern 
over  whether  the  data  processing,  analysis, 
and  dissemination  infrastructure  will  be 
developed  and  in  place  in  time  to  exploit 


FIGURE  3.  Shipboard 
photograph  of  the  shear  ridge 
on  which  the  USCGC  POLAR  SEA 
had  become  beset  on  22  NOV 
1984.  Ridge  was  measured  to  be 
15-25  meters  deep.  V-shaped 
indentation  was  made  by  the 
icebreaXer's  bow.  (Photograph 
courtesy  of  Arctec  Engineering, 
Inc . ) 


FIGURE  4.  STAR  1  synthethic  aperture  radar  image  of  the  area  surrounding  USCGC  POLAR 
SEA  at  approximately  71-05. 8N,  14Q-35.2V7  on  27  NOV  1984.  The  imagery  shows  a  series 
of  ridges  (bright  linear  features  tending  NW  to  SE)  converging  on  at  a  point  where  % 

POLAR  SEA  had  become  temporarily  beset  in  a  shear  ridge.  POLAR  SEA's  tracXline  the 
following  day  (23  NOV)  is  shown  on  the  image.  Scale  is  1:250,000.  (Imagery  courtesy  of 
Intera  Technologies  Ltd.) 
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these  systems  operationally .  Nowhere  has 
this  problem  been  more  succinctly  addressed 
than  in  some  of  the  planning  documents  for 
spaceborne  ice  reconnaissance  systems  such 
as  ICEX  [21]  and  Radarsat  [22].  The  key 
elements  of  such  a  system  are: 

-  earth  stations  to  receive,  record,  and 
process  data  from  regions  of  interest 

-  data  enhancement,  analysis,  forecasting 
and  archival  facility 

-  facility  for  dissemination  of  select 
products  at  low-to-moderate  data  rate 
to  remote  sites  via  DOM-SAT  links  in 
near-real  time 

The  required  products  are  imagery  with 
complementary  analyses  and  forecasts.  The 
imagery  would  be  used  for  feature 
identification  and  location.  Analyses 

could  provide  ice  edge  location,  ice 

concentration  by  type,  thickness  estimates, 
and  location  of  zones  of  convergence/ 
divergence.  Forecasts  could  predict  ice 
drift  and  growth/melt. 

Products  would  not  be  required  in  all 
regions  at  all  times.  An  operations 

center  could  receive  the  reconnaissance 
requests  and  formulate  a  time/space 

coverage  matrix  that  could  be  used  for 
commanding  spacecraft  performance  and 

scheduling  of  processing  and  analysis. 

This  would  presumably  keep  data  rates  and 
volume  within  manageable  limits  while 
still  meeting  the  mission  requirements. 
Nevertheless,  this  still  implies  the 

existence  of  near-real  data  processing 
capabilities  for  such  high  data  rates  and 
sensor  complexities  as  found  in  SAR. 

Likewise  it  anticipates  the  development  of 
algorithms  for  automatic  image  analysis 
such  as  might  be  possible  for  determining 
ice  classification  and  ice  pack  drift 
vectors  [ 23 ] . 

7 .  SUMMARY 

In  this  paper  sea  ice  reconnaissance  has 
been  treated  from  the  point  of  view  of  a 
marine  operator  who  is  responsible  for 
safely  and  efficiently  navigating  an  ice¬ 
breaking  vessel  in  ice-covered  waters. 
Futhermore,  emphasis  has  been  on  the 
tactical  rather  than  the  strategic  needs 
for  vessel  navigation  support.  The 
requirements  for  operations  are  almost 
uniformly  more  stringent  than  for  research. 
This  is  most  particularly  true  for 
resolution,  frequency  of  observation,  and 
delay  time  for  receipt  of  products.  The 

key  characteristics  of  an  operational  sea 
ice  reconnaissance  system  are: 

-  day/night  and  all  weather  capability 

-  high  resolution 


-  accurate  geolocation 

-  reliable,  scheduled  access 

-  near-real-time  processing  and 
dissemination 

-  analysis  aids  and  forecasts 

The  benefits  to  be  derived  on  nearly  all 
polar  icebreaker  deployments  are  found  in 
the  reduced  fuel  consumption,  decreased 
wear  and  tear  on  the  vessels  and  machinery, 
lowered  incidence  of  damage,  reduced  chance 
of  besetment,  extended  vessel  range  and 
endurance,  and  improved  mission 

performance.  When  the  mission  requires 
operations  at  the  limit  of  the  vessels 
capabilities,  or  in  the  polar  night,  remote 
sensing  support  becomes  critical  to 
ensuring  mission  success. 

Satellite  systems,  planned  and  proposed  for 
the  beginning  of  the  next  decade  ,  building 
upon  the  success  of  the  first  oceanographic 
satellite,  Seasat,  in  1978  show  the 
potential  for  meeting  many  of  the  sea  ice 
reconnaissance  requirements.  Meanwhile, 
experimentation  with  aircraft  sensors  will 
refine  instrument  capabilities  and  provide 
the  necessary  data  for  developing  the 
processing  and  analysis  components  of  a 
fully-operational  system. 
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ABSTRACT 

Fleet  Numerical  Oceanography  Center 
(FNOC)  provides  support  for  Arctic 
operations  via  products  transmitted  to 
the  Naval  polar  Oceanography  Center 
( NPOC )  and  Navy  ships.  Weather  and  ice 
predictions,  along  with  oceanographic 
analyses,  climatologies  and  data  bases  of 
bottom  depth,  bottom  sound  loss  and 
ambient  noise,  provide  the  basis  for 
these  products.  In  addition,  new 
products  derived  from  satellite  data  are 
planned  for  1986-87. 


1.  INTRODUCTION 

FNOC  is  a  major  production  facility  of 
the  U.S.  Naval  Oceanography  Command.  It 
is  the  hub  and  master  computer  center  of 
the  Naval  Oceanographic  and 
Meteorological  Support  System,  and 
provides  real-time  numerical  products 
peculiar  to  the  needs  of  the  Department 
of  Defense.  Product  distribution  is 
achieved  primarily  via  the  Naval 
Environmental  Data  Network  ( NEDN ) ,  the 
Naval  Oceanographic  Data  Distribution 
System  (NODDS)  and  the  Automatic  Digital 
Network  (AUTODIN)  system.  FNOC  maintains 
a  real-time  global  data  base  of 
environmental  information  and  is  linked 
via  communications  circuits  to 
operational  facilities  of  the  U.S.  Air 
Force  and  the  National  Oceanic  and 
Atmospheric  Administration. 

Support  for  Arctic  operations  is  provided 
primarily  through  NEDN  products 
transmitted  to  NPOC.  These  products 
include  charts  of  surface  winds  and 
pressures  along  with  reported 
meteorological  observations.  Tabulated 
listings  are  also  transmitted  which  give 
model  forecasts  of  surface  pressure, 
temperature,  winds,  precipitation, 
percent  cloud  cover  and  fog  probability 
at  specific  locations.  These 


meteorological  forecasts  are  produced  by 
the  Navy  Operational  Global  Atmospheric 

Prediction  System  (NOGAPS,  Rosmond  )• 
Higher  resolution  forecasts  may  soon  be 
available  using  the  Navy  Operational 
Regional  Atmospheric  Prediction  System 
2 

(NORAPS,  Hodur  )  presently  being  tested 
for  the  Arctic. 

FNOC  also  provides  NPOC  with  estimates  of 
ice  drift  and  thickness  obtained  from 
empirical  models.  A  more  sophisticated 
model,  which  includes  a  detailed 
treatment  of  ice  physics  and  predicts 
additional  fields  of  interest,  is 
presently  being  tested.  These  models 
will  be  discussed  in  Section  2. 

To  a  lesser  extent,  hand  tailored 
products  for  Navy  ships  are  made  and  sent 
by  mail.  These  are  normally  used  for 
long  range  planning  and  are  derived  from 
bathymetry,  bottom  loss  and  ambient  noise 
files,  plus  salinity  and  temperature 
climatologies . 

2.  ICE  MODELS 

A.  Thorndike  and  Colony  Ice  Model 

The  Thorndike  and  Colony^  free  drift  ice 
model  is  run  daily  at  FNOC  to  relate 
surface  geostrophic  winds  and  ocean 
currents  to  the  movement  of  pack  ice. 

This  empirical  model  is  based  on  drifting 
buoy  data  obtained  during  the  First  GARP 
Global  Experiment  and  covers  the  arctic 
on  a  380  km  grid.  The  only  inputs 
required  are  geostrophic  winds  computed 
from  NOGAPS  surface  pressure  forecasts. 

Thorndike  and  Colony^  have  shown  that 
more  than  70%  of  the  variance  of  ice 
motion  on  time  scales  of  a  few  days  is 
explained  by  winds  alone.  Thus,  the 
model  optionally  computes  ice  drift  with 
or  without  currents.  Two  sources  of 
currents  are  available:  (1)  those  based 

on  data  from  ice  station  and  hydrographic 
station  data  (U.S.  Navy  Hydrographic 
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Office  ),  and  (2)  those  obtained  from  the 
University  of  Washington  based  on  three 
years  of  satellite  positioned  drifting 
buoy  data.  Model  output  sent  to  NPOC  is 
a  tabulated  listing  of  ice  drift  at  207 
locations  in  the  Arctic. 

B.  Gerson  Ice  Model 

A  numerical  ice  forecasting  system 

5 

developed  by  Gerson  and  Gerson  and 

Simpson6  was  implemented  at  FNOC  in  1977. 
Meteorological  observations  from  fixed 
stations  in  the  Arctic  are  received  at 
FNOC  four  times  per  day  and  provide  the 
necessary  input  to  drive  the  model. 
Surface  air  temperatures  are  used  to 
determine  degree-days  which  are 
accumulated  and  used  in  ice  thickness 
estimations.  Ice  thickness  growth 

7 

calculations  are  based  on  Zubov  ,  while 
thickness  reduction  uses  the  method  of 

Q 

Bilello  .  Estimates  of  ice  drift,  based 

9 

on  Shuleikin  ,  use  surface  winds 
collected  every  six  hours  and  averaged 
for  a  24  hour  period.  Listings  of 
observed  wind  speed  and  air  temperature, 
plus  model  estimates  of  ice  thickness  and 
drift  at  up  to  100  stations,  are 
transmitted  to  NPOC  daily. 

C.  Hibler  Ice  Model 

A  dynamic  thermodynamic  sea  ice  model  for 
the  Arctic  Ocean,  which  contains  much 
more  sophistica ted  physics  than  those 
described  above,  was  recently  implemented 
at  FNOC.  The  model,  developed  by 

Hibler^,  was  programmed  for  operational 
use  by  the  Naval  Ocean  Research  and 
Development  Activity  and  delivered  to 

FNOC  in  1984  (Preller^).  Daily  model 
runs  are  made  providing  24  hour  forecasts 
of  velocity,  thickness,  concentration, 
strength,  growth  and 

divergence/convergence  of  sea  ice.  The 
model  grid  size  is  127  km  with  a  domain 
covering  the  Central  Arctic  and  most  of 
the  marginal  seas. 

Initialization  of  the  model  was  from  a 
three  year  spin  up  to  steady  state,  using 
realistic  forcing,  installed  on  the  FNOC 
computer  system  as  a  monthly  model 
climatology.  Subsequent  model  runs  are 
restarted  from  the  previous  day's  24-hour 
forecast.  Daily  predictions  of  surface 
pressure,  air  temperature,  solar 
radiation,  vapor  pressure,  sensible  plus 
evaporative  heat  flux  and  total  heat  flux 
required  to  drive  the  ice  model  are 
obtained  from  NOGAPS.  Monthly 
cl ima tologies  of  currents  and  oceanic 
heat  fluxes,  also  required,  are  taken 
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from  the  Hibler  and  Bryan  study  of  a 
coupled  ocean-circulation/sea-ice  model. 

Figure  1  shows  the  ice  drift  predicted  by 
the  model  for  28  May  85.  The  cyclonic 
circulation  of  ice  m  the  Barents  Sea  was 
produced  by  a  1007  mb  low  centered  over 
the  Yamal  Peninsula,  while  the  rapid 
westerly  drift  of  ice  along  the  east 
coast  of  Greenland  was  associated  with  a 
980  mb  low  centered  over  Iceland.  Figure 
2  shows  the  ice  thickness  predicted  by 
the  model  for  the  same  time. 


Comparisons  were  made  of  observed  ice 

1  3 

thickness  from  Garrett  with  the  model's 
monthly  climatological  ice  thickness 
averaged  over  one  year.  These  results 
are  shown  in  Figure  3.  Although  this 
comparison  suggests  that  the  model  ice 
thickness  is  biased  thin,  the  mean 
difference  of  0.6  m  is  within  the  error 

estimate  of  the  Garrett^  data.  Note 
also  from  Figure  3  that  the  model 
climatology  gives  a  good  representation 
of  the  relative  variation  in  observed  ice 
thickness  for  the  regions  considered. 

1 4 

Using  the  terminology  of  Hurlburt  ,  ice 
kinematics  and  thermodynamics  represent  a 
Class  1  (strong,  rapid  and  direct) 
response  to  atmospheric  forcing,  while 
ice  thickness  is  a  result  of  a  Class  3 
(slow  but  direct  and  integrated)  response 
to  this  forcing.  Useful  predictions  of 
these  classes  of  oceanic  phenomena 
require  appropriate  models  driven  by 
accurate  atmospheric  forcing,  but  not 
oceanographic  (in  this  case  sea  ice) 
observations  to  provide  initial 
conditions.  The  models  convert  the 
relatively  well  observed  and  well  known 
atmospheric  information  into  the  desired 
but  poorly  observed  and  poorly  known 
oceanographic  information  (see 

Hurlburt"^).  Thus,  even  without  any  link 
to  observed  ice  conditions,  the  Hibler 
model  is  expected  to  be  of  value. 
Nevertheless,  to  further  enhance  the 
product,  plans  are  to  update  the  model 
predictions  from  the  weekly  NPOC  hand 
analyses  of  ice  concentration  and  ice 
edge.  This  information  will  be  digitized 
at  NPOC  and  transmitted  to  FNOC  for 
incorporation  into  the  model. 

It  will  probably  take  a  long  time  to 
build  up  operational  experience  with  this 
model  and  discover  all  of  its  uses,  as 
many  of  the  fields  it  is  capable  of 
producing  have  never  been  available  to 
the  NPOC  analysts  before.  For  example, 
predictions  of  ice  divergence  and 
convergence  may  provide  useful 
information  for  forecasting  lead 
formation  and  closure.  Predictions  of 
ice  thickness  and  strength  may  be  a 
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Figure  1.  Model  forecast  of  ice 
velocity  for  28  May  1985.  Arrow 
at  lower  left  comer  indicates  20 
nautical  miles  per  day.  Inner 
rectangle  shows  model  domain. 


Figure  2.  Same  as  Figure  1  but 
for  ice  thickness.  Contour  inter¬ 
val  is  0.5  m. 
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Figure  3.  Mean  annual  ice  thickness  of  model  climatology 
(hatched  bar)  and  observations  (open  bar)  for  different 
regions.  Numbers  below  each  bar  indicate  the  ratio, 
expressed  as  percent,  of  modeled  to  observed  thickness. 
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valuable  tool  in  assessing  submarine 
surfacing  potential,  while  the  model 1 s 
ice  kinematics  may  be  useful  for 
estimating  ambient  noise.  Predicted 
changes  in  ice  thickness  and 
concentration  may  provide  important 
guidance  for  subjective  ice  forecasts. 

3.  OUTLOOK 

FNOC  plans  to  steadily  upgrade  its 
support  for  arctic  operations  in  the 
years  ahead.  An  arctic  NORAPS,  providing 
higher  spatial  resolution  forecasts  and 
better  treatment  of  orographic  effects 
than  NOGAPS,  is  currently  being  tested. 
Preliminary  results  suggest  that  NORAPS 
does  a  better  job  than  the  global  model 
in  predicting  Skagerrak  low  development 
off  the  southern  tip  of  Greenland.  The 
arctic  NORAPS  will  eventually  be  used  to 
drive  higher  resolution  regional  versions 
of  the  Hibler  ice  model,  planned  for  the 
Barents  Sea,  Greenland/Norwegian  Sea,  Sea 
of  Okhotsk  and  Chukchi-Bering  Sea. 

New  satellite  products  are  expected  in 
the  next  few  years.  Ice  edge  locations 
will  be  obtained  from  the  GEOSAT 
altimeter,  and  synoptic  scale  views  of 
ice  concentration  and  type  will  be 
provided  by  the  DMSP  Special  Sensor 
Microwave  imager.  Raw  data  from  these 
satellites  will  be  processed  at  FNOC, 
with  derived  products  transmitted  to 
NPOC . 
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ABSTRACT 

The  Naval  Research  Laboratory  has  developed  a 
prototype  airborne  gravity  measurement  system 
(AGMS) ,  The  system  was  initially  designed  for  use 
over  open  water  since  the  vertical  accelerations  of 
the  aircraft  are  removed  from  the  gravity  signal  by 
subtracting  a  double  differentiated  time  series  of 
altitudes.  Altitudes  were  provided  by  an  extreme¬ 
ly  accurate  radar  altimeter.  Recently  a  pressure 
altitude  sensor  has  been  added  to  the  AGMS  which 
allows  operation  of  the  system  without  constant 
altimetric  reference  to  the  oceanic  geoid.  Only 
occasional  absolute  altitudes  are  necessary  to 
constrain  the  variations  in  height  of  the  isobaric 
surfaces.  This  modification  to  the  AGMS  makes 
operation  possible  in  the  ice  covered  regions  of 
the  Arctic.  In  this  case  the  vertical  acceler¬ 
ations  can  be  calculated  from  the  pressure  alti¬ 
tudes  which  will  be  updated  to  absolute  atitudes 
with  laser  or  radar  heights  obtained  whenever  the 
aircraft  passes  over  leads  In  the  sea  ice.  The 
AGMS  will  make  gravity  surveying  of  the  Arctic 
feasible  for  the  first  time. 

INTRODUCTION 

Naval  applications  for  gravity  data  include 
corrections  to  inertial  navigation,  passive  nav¬ 
igation,  improvements  to  earth  gravity  models, 
and  detection  of  hazards  to  navigation  (seamount 
detection).  Unfortunately  the  Arctic  regions 
are  inaccessible  to  surface  ships  or  altimetric 
satellite  measurements.  Until  now,  submarines 
have  provided  the  only  practical  gravity  measure¬ 
ment  platforms  for  large  area  Arctic  surveys. 

The  Naval  Research  Laboratory  recently  com¬ 
pleted  a  demonstration  of  a  prototype  airborne 
gravity  measurement  system  over  the  eastern 
portion  of  North  Carolina.  The  test  was  funded  by 
the  Defense  Mapping  Agency  (DMA)  and  was  designed 
to  provide  comparisons  between  the  NRL  fixed  wing 
airborne  data  and  the  DMA  ground  truth.  DMA 
performed  the  data  comparisons.  This  demonstra¬ 
tion  was  a  continuation  of  NRL's  airborne 
gravimetry  program.  For  more  background  discuss¬ 
ion  on  the  program  see  Brozena  (1984).  This 
paper  describes  the  experimental  techniques  of 
airborne  data  acquisition  and  analysis,  and  the 
application  of  this  method  of  gravity  measurement 
to  the  largely  unsurveyed  Arctic. 


The  AGMS  consists  of  a  LaCos te-Romberg  air/ 
sea  gravity  meter.  Global  Positioning  System  (GPS) 
navigation,  radar  and  pressure  altimeters,  and 
data  acquisition  systems.  The  gravity  meter  pro¬ 
vides  total  vertical  acceleration  (gravity  plus 
accelerations  due  to  aircraft  motion).  The  GPS 
provides  accurate  positions  and  velocities  for 
determination  of  Eotvos  correction.  Accelerations 
due  to  vertical  motion  of  the  aircraft  are  deter¬ 
mined  from  the  altimeter  data.  Data  from  all 
sources  are  buffered  by  onboard  computer  systems 
and  stored  on  magnetic  tape  for  post  mission 
processing . 

I.  System  Description 

A.  Gravimeter 

The  gravimeter  utilized  for  the  experiment 
was  a  LaCos te  and  Romberg  air-sea  meter,  S-93, 
mounted  on  a  three  axis  stabilized  platform.  The 
gravimeter  outputs  are  recorded  by  a  Hewlett- 
Packard  mini  computer  system.  Seventeen  analog 
channels  of  data  are  scanned  by  a  reed  scanner 
and  digitized  by  an  A/D  converter  at  a  nominal 
two  Hz  rate.  The  channels  of  primary  interest 
are  the  filtered  beam  position  and  the  total 
cross  coupling.  Unfiltered  beam  position  is 
prefiltered  by  a  two  Hz  cutoff  low  pass  filter  and 
acquired  at  a  10  Hz  rate.  Spring  tension  is  digi¬ 
tally  encoded  by  the  meter  and  sampled  by  the 
scanner.  The  digitized  data  are  formatted,  block¬ 
ed  and  stored  on  disc  and  tape  by  the  H-P  1000 
minicomputer. 

B.  Altimeters 

Two  sources  of  altitude  were  used  for 
this  experiment,  a  pressure  altimeter  over  land 
and  a  radar  altimeter  over  water.  The  altitudes 
are  required  for  the  height  correction  and  the 
platform  vertical  acceleration  correction.  The 
pressure  system  consists  of  a  Rosemount  1201FG 
pressure  transducer  ported  to  a  weathervaning 
static  pressure  probe.  The  probe  is  mounted  on 
a  3.5m  boom  extending  forward  from  the  nose 
radome  in  order  to  remove  the  sensor  from  the 
turbulence  and  bow  shock  of  the  aircraft.  The 
calibration  of  the  pressure  transducer  is: 

H  =  145,441.86  [  1  -  (PA/PS) • 1902623) 
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where  H  =  altitude  in  feet 

PA  =  sensor  voltage  at  altitude 

PS  =  sensor  voltage  at  sea  level 

The  voltage  from  the  Rosemount  is  sampled  and 
digitized  at  10  Hz  after  anti-alias  prefiltering 
The  radar  altimeter  is  a  high  precision  unit 
built  at  NRL.  The  return  of  a  narrow  (<  two 
nsec)  transmitted  pulse  is  timed  to  an  accuracy 
of  approximately  .2  nsecs.  The  radar  is  pulsed 
at  a  10  kHz  rate  and  100  returns  are  averaged 
for  each  output  altitude.  This  procedure  pro¬ 
duces  a  100  Hz  radar  altitude  time  series  with 
accuracies  of  a  few  centimeters  depending  on  sea 
state.  The  short  transmitted  pulse  length  means 
that  the  illuminated  area  on  the  sea  surface  is 
pulse  limited  rather  than  antenna  beam  width 
limited.  The  area  of  interaction  is  only  a  few 
square  meters  of  the  sea  surface  closest  to  the 
radar  antenna  and  within  its  10  degree  beamwidth. 
The  altitudes  are  therefore  unaffected  by  pitch 
and  roll  of  five  degrees  or  less.  The  spatial 
sampling  rate  at  the  nominal  aircraft  speed  of 
100  m/sec  is  one  ra  which  should  be  sufficient  to 
avoid  aliasing  of  the  aircraft  heights  with  sea 
waves.  The  averaging  of  the  radar  data  is  done 
in  real  time  by  a  H-P  200  microcomputer  which 
then  transmits  the  averaged  data  to  the  H-P  1000 
for  blocking  and  storage. 

G.  Navigation 


The  nominal  flight  profiles  for  the  experi¬ 
ment  were;  1)  five  nautical  mile  track  spacing 
in  a  grid  pattern,  2)  200  knot  aircraft  speed 
and  3)  2000  foot  altitude.  Horizontal  position¬ 
ing  and  velocity  data  for  Eotvos  and  latitude 
corrections  were  provided  by  the  Texas  Instru¬ 
ments  HDUE  Global  Positioning  System.  The 
majority  of  the  tracks  were  flown  during  periods 
of  coverage  by  four  satellites.  For  the  location 
and  dates  of  the  flights  the  satellites  were 
above  the  horizon  between  2300  local  and  0500 
local.  In  general  these  hours  provided  a  good 
environment  for  airborne  gravity  measurement 
with  little  turbulence  and  smooth  isobaric  sur¬ 
faces.  On  one  flight  we  did  experience  consi¬ 
derable  turbulence  from  the  passage  of  a  cold 
front  several  hours  prior  to  the  flight.  Except 
in  cases  of  extremely  bad  geometry  rms  errors 
should  be  less  than  1.5  m  for  position  and  15 
cm/sec  for  velocity.  The  GPS  data  were  blocked 
and  stored  by  the  H-P  1000. 

The  equipment  was  installed  aboard  one  of 
NRL’s  P-3A  aircraft.  This  plane  has  a  modified 
research  Interior  and  a  belly  radome  which  allows 
easy  installation  of  the  radar  antennas.  The 
nose  radome  was  also  modified  to  mount  the  pres¬ 
sure  sensor  boom. 

II.  Data  Reduction  and  Analysis 

A.  Altimetry 

The  most  difficult  problem  in  the  analysis  of 
the  experimental  data  proved  to  be  combining  the 
data  from  the  pressure  and  radar  altimeters  into  a 


single  continuous  time  series  of  altitudes.  Several 
methods  were  attempted  before  adopting  the  current 
procedure  described  below: 

1.  Edit  radar  altimetry  files  into  segments 
over  water  deleting  data  over  land. 

2.  Build  a  file  of  radar  heights  for  each 
track  consisting  of  the  start  and  end 
point  of  each  over  water  segment  and 
one  data  point  per  minute  in  between. 

3.  Determine  the  sea  level  pressure  required 
to  match  the  pressure  altitude  to  the 
radar  at  each  point  in  the  abstracted 
radar  data. 

4.  Fit  a  polynomial  to  the  resulting  spatial 
sea  level  pressure  series  to  smooth 

the  data.  (See  figure  1) 

5.  Recompute  the  pressure  altitudes  based  on 
the  smoothed  sea  level  pressure  estimates. 

6.  Build  a  combined  altimetry  time  series 
using  radar  segments  where  possible 
and  pressure  data  to  fill  in  over  land. 
(See  figure  2) 

This  procedure  emphasizes  the  use  of  radar 
altimetry  where  possible  as  it  is  probably  more 
accurate.  After  the  final  altimetry  series  is 
constructed  the  data  are  filtered  commensurate- 
ly  with  the  Lacoste  filter  and  numerically  differ¬ 
entiated  twice  to  produce  the  vertical  acceler¬ 
ation  correction.  The  filtered  heights  are  also 
used  in  the  vertical  gradient  free  air  altitude 
correction.  All  final  gravity  values  are  reduced 
to  sea  level  (no  terrain  correction). 

POLYNOMIAL  FIT  TO  SEA  LEVEL  PRESSURE 
WHICH  FORCES  PRESSURE-RADAR  ALTIMETER  MATCH 

635 


610  f ^ - : 

10  20  30 

MINUTES 

FIG.  1  The  dots  indicate  radar  altitude  as  a 

function  of  time.  The  line  is  a  polynomial  fit 
to  these  points.  The  fit  is  used  to  generate  a 
sea  level  pressure  which  would  result  in  the 
pressure  altitude  matching  the  line  at 
each  radar  point. 


B.  Navigation 

The  GPS  data  require  relatively  little  pro¬ 
cessing.  The  tapes  are  unblocked  and  the  lati¬ 
tude,  longitude  and  velocity  data  are  stored  on 
disc  files.  These  files  are  edited  for  bad 
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COMBINED  ALTIMETRY  STARTS  JO  138  HR  5  MIN  45 


FIG.  2  Combined  radar  pressure  altitude  time  ser¬ 
ies  after  adjustment  to  pressure  data.  Vertical 
axis  in  meters,  horizontal  in  minutes. 


positions  and  velocities  wich  sometimes  occur  when 
switching  to  a  new  satellite  or  in  cases  of  ex¬ 
tremely  bad  geometry.  The  velocity  data  must  also 
be  filtered  with  the  digital  equivalent  of  the 
LaCoste  hardware  filter.  Eotvos  corrections  are 
then  calculated  from  the  velocity  data  in  the 
edited  files  and  the  standard  gravity  is  obtained 
from  the  latitude. 

C.  Gravimetry 


WAVELENGTH  IN  KM.  <100  M/«rC  NOMINAL  EFIED) 


FIG.  3  Transfer  function  of  one  pass  of  the  digi¬ 
tal  FIR  filter  applied  to  the  profiles.  In  some 
cases  multiple  passes  were  used. 


Spring  tension,  cross  coupling  and  beam  velo¬ 
city  are  abstracted  from  the  gravimetry  tapes. 

These  values  are  splined  to  equal  time  spacing  and 
the  proper  scale  factors  for  meter  S-93  are 
applied.  The  spring  tension  is  filtered  to  match 
the  beam  velocity  and  cross  coupling  and  the  re¬ 
sulting  data  are  combined  with  the  processed  navi¬ 
gation  and  altimetry.  The  resulting  raw  gravity 
values  are  filtered  backwards  in  time  to  remove 
phase  lags  caused  by  the  forward  filtering.  At 
this  point  the  gravity  is  in  the  form  of  profiles 
along  the  track.  Plotting  these  profiles  revealed 
that  there  were  occasional  large  amplitude  rela¬ 
tively  short  period  (two-four  minutes)  deviations 
in  the  processed  gravity  in  sections  utilizing 
pressure  altimetry  for  vertical  acceleration 
corrections.  These  errors  are  probably  produced 
by  resonant  vibration  of  the  pressure  sensor  boom 
boom  which  occurred  sporadically.  The  static 
pressure  sensor  receives  ram  air  during  these 
periods  which  then  leaks  out  to  restore  ambient 
pressure.  The  resulting  error  looks  like  a  de¬ 
crease  in  altitude  followed  by  an  increase.  A 
new  digital  FIR  filter  was  designed  to  remove 
the  shorter  period  excursions,  but  the  longer 
deviations  would  have  required  such  a  long  cutoff 
that  significant  features  in  the  gravity  field 
would  also  have  been  removed.  These  sections  were 
removed  manually  and  the  resulting  gaps  filled  by 
assuming  that  the  free  air  gravity  anomaly  was 
equal  to  spring  tension  +  meter  offset  +  Eotvos 
correction  +  cross  coupling  -  normal  gravity,  i.e. 
beam  velocity  -  vertical  acceleration  =  0.  The 
FIR  filter  was  selected  to  have  a  cutoff  wave¬ 
length  of  approximately  15  km  (see  figure  3  ). 
Profiles  which  extended  outside  the  survey  area 
received  one  or  more  passes  of  the  filter  which 
eliminated  about  one  minute  of  data  from  the  start 
and  end  of  a  profile. 


21  usable  gravity  profiles,  12  north-south  and  9 
east-west,  with  data  gaps  in  two  of  the  horizon¬ 
tal  profiles.  Because  several  of  the  profiles 
also  began  or  ended  inside  the  boundaries  of 
the  survey  area  there  were  96  crossings  where 
mis-ties  could  be  examined.  This  examination 
revealed  that  several  profiles  were  consistently 
low  by  several  raGals.  The  most  likely  cause  for 
low  values  is  a  slightly  off  level  stable  plat¬ 
form.  A  small  constant  determined  by  eye  was 
added  to  each  of  the  low  profiles.  After  this 
rough  adjustment  the  average  mis-tie  was  -.1 
mGals  and  the  rms  difference  was  3.8  mGals  (fig. 
4).  A  least  squares  adjustment  to  minimize 
mis-ties  was  then  performed.  This  program 


AVERAGE  DIFFERENCE  =  -.1 

RMS  DIFFERENCE  =  3.8 

FIG.  4  Histogram  plot  of  the  mis-tie  errors  at  96 
intersections  prior  to  least  squares  adjustment. 


The  procedure  described  above  resulted  in 
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ADJUSTED  DIFFERENCES  AT  INTERSECTIONS 


AVERAGE  DIFFERENCE  Z  .01 
RMS  DIFFERENCE  -  3.0 

MAX  DIFFERENCE  I  8.7 


FIG.  5  Histogram  plot  of  the  mis-tie  errors  after 
least  squares  adjustment  (linear  error  model, 
four  tracks  held  fixed). 

assumes  a  linear  error  model  for  each  individual 
track  and  determines  the  constant  and  slope  of  a 
correction  to  be  applied  to  each  track.  A  cor¬ 
rection  of  zero  was  specified  for  two  vertical 
and  two  horizontal  tracks  to  constrain  the 
minimization.  The  tenth  and  twelfth  vertical  and 
the  fifth  and  ninth  profiles  were  chosen  since  the 
major  portions  of  these  tracks  were  over  water. 
After  the  least  squares  corrections  were  applied 
the  average  mis-tie  was  .01  mGals  and  the  rms 
difference  was  3.0  mGals  (figure  5).  Since  two 
pairs  of  vertical  tracks  (5-6  and  10-11)  were  al¬ 
most  coincident  the  data  from  each  pair  was  aver¬ 
aged  to  yield  single  tracks.  The  final  adjustment 
prior  to  contouring  was  to  average  the  gravity 
values  at  cross  overs  and  to  interpolate  these 
corrections  along  each  track  between  cross  overs. 
This  final  data  set  was  then  contoured  at  a  two 
mGal  interval  (figure  6). 


III.  Conclusion 

The  final  reduced  data  set  was  provided  to 
DMA  for  error  analysis.  The  preliminary  report 
(Primrose,  1985)  indicates  an  rms  difference 
between  the  ground  truth  data  and  the  NRL  data  of 
2.5  mGals  with  a  bias  of  3.1  mGals.  This  is  a 
comparison  of  both  sets  gridded  to  the  same  grid. 
There  is  some  indication  that  a  portion  of  this 
difference  can  be  attributed  to  some  gaps  in  the 
ground  truth  data.  We  have  not  determined  the 
cause  of  the  constant  offset  error,  but  it  is 
probably  due  to  a  miscalibration  of  the  radar 
altimeter.  The  results  of  the  airborne  gravity 
experiment  indicate  that  the  system  is  capable  of 
producing  detailed  and  self  consistent  surveys 
over  the  difficult  land-sea  interface,  although 
the  system  was  primarily  designed  for  use  over 
water . 


The  environment  of  the  test  region  may  be 
considered  as  highly  analogous  to  the  Arctic  with 
leads  in  the  ice  replacing  rivers  through  the 
swamps.  I  propose  that  the  methods  applied  to  the 
North  Carolina  demonstration  would  be  applicable 
to  gravity  surveying  in  the  Arctic.  The  pressure 
altimetry  would  provide  the  short  period  vertical 
accelerations  of  the  aircraft.  Isobaric  slopes 
would  be  determined  as  in  the  test  described  here 
by  radar  or  laser  altitudes  over  any  available 
open  water.  It  may  also  be  possible  to  determine 
long  wavelength  isobaric  slopes  from  low  pass 
filtered  radar  altitudes  which  would  average  out 
short  period  variations  in  the  height  of  the  ice 
surface  above  the  geoid.  Another  alternative  for 
constraining  long  period  errors  in  the  pressure 
altimetry  is  averaged  GPS  altitudes  or  Doppler 
carrier  wave  determined  vertical  velocities. 
Probably  the  ultimate  source  of  three  dimensional 
positioning  will  be  provided  by  dynamic  GPS 
interferometry.  Although  untried  at  aircraft 
velocities  as  yet,  this  technique  should  permit 
positioning  to  a  few  centimeters  with  short 
averaging  periods  (30-60  seconds)  if  baselines 
can  be  made  short  enough.  In  conclusion,  the 
AGMS  should  still  be  considered  a  prototype  need¬ 
ing  development  in  both  hardware  and  software, 
but  I  believe  that  the  results  presented  here 
demonstrate  the  merit  of  developing  and  tran¬ 
sitioning  this  system  to  the  surveying  community. 
For  the  first  time,  detailed  gravity  surveying  of 
the  Arctic  at  close  to  shipboard  accuracy  is 
possible  . 
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FIG,  6  Mercator  contour  plot  of  free-air  gravity 
anomaly  (reduced  to  sea  level,  no  terrain 
correction) . 
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ABSTRACT 

Year  around  acoustic  and  related 
environmental  data  collection  in  the  Arctic  has 
always  been  difficult.  For  many  years  PRL 
experimented  with  data  buoys  using  telemetry 
systems  for  data  recovery  and  in  1975  began  using 
satellite  links,  first  NIMBUS/RAMS  and  later 
N0AA/ARG0S  and  others.  Acoustic  buoys  include 
ambient  noise  buoys  that  measure  averaged  noise 
levels  in  11  selectable  1/3  octave  bands, 
propagation  measurement  buoys  that  measure 
received  narrow  band  signal  levels  in  1/4  Hz 
bands,  and  a  companion  buoy  that  includes  an 
acoustic  projector  that  develops  source  levels  in 
excess  of  one  acoustic  watt  from  20  to  55  Hz.  The 
latter  two  buoys  also  include  ambient  noise 
systems  to  measure  noise  levels  at  both  the  source 
and  receiver.  Underice  environmental  measurement 
systems  include  buoys  that  measure  vertical 
temperature  or  temperature  and  conductivity 
profile  and  water  currents  at  multiple  depths. 
Meteorological  parameters  are  also  measured  with 
manually  installed  or  paradropped  systems. 


INTRODUCTION 

Data  collection  in  the  Arctic  Ocean  using 
manned  stations  is  seasonally  limited,  costly, 
and  sometimes  dangerous.  Automatic  data  stations 
(also  referred  to  as  "Arctic  Data  Buoys")  are  a 
means  of  getting  around  many  of  these  problems  and 
provide  a  very  cost-efficient  supplement,  and,  in 
some  cases,  even  supplant  manned  ice  operations. 
Design  of  these  automatic  stations  is  driven 
strongly  by  the  Arctic's  unique  environmental 
parameters  and  their  interplay.  Also,  the 
deployment  methods  and  their  limitations  constrain 
the  design. 

PRL  personnel  have  been  working  in  the  Arctic 
Ocean  since  1961  -  the  early  years  while  at 
General  Motors  Defense  Research  Laboratory.  Much 
of  the  1961  -  1971  work  was  performed  using  manned 
camps  on  pack  ice  in  the  high  Arctic,  but,  men  on 
the  ice  require  aircraft,  and  aircraft  are  limited 
to  the  Arctic  spring  when  there  is  a  combination 
of  refrozen  leads  for  landing  strips  and 
sufficient  daylight  to  enable  landing.  Because  of 
the  relatively  short  data  time  window  and  the  high 
logistics  cost  for  establishing  and  maintaining 
manned  stations,  there  developed  a  strong  interest 


in  the  possibility  of  automatic  telemetry  stations 
for  collecting  data.  (It  should  be  mentioned  that 
some  of  the  impetus  for  developing  automatic 
Arctic  stations  came  from  the  successful  uses  the 
Russians  made  of  their  DARMS  weather  stations, 
primarily  along  their  Northern  Sea  Route,  They 
used  medium  frequency  radio  telemetry  to  relay  met 
data  and  had  the  stations  operating  back  in  the 
early  ’50s.)  Early  stations  used  HF,  VHF  or  micro 
wave  telemetry.  Li ne-of-sight,  groundwave, 

skywave,  troposcatter  and  even  meteorburst 

propagation  were  tried  with  varying  degrees  of 
success  -  none  spectacular.  In  the  early  '70s  the 
prototype  EARLS  system  of  the  NIMBUS  4  polar 
orbiting  satellite,  which  was  the  precursor  to  the 
NIMBUS  6  RAMS  and  the  later  "operational"  TIROS 
ARGOS  system  -  was  investigated  by  various 
laboratories  including  the  Applied  Physics  Lab  of 
the  University  of  Washington  and  the  Naval 

Research  Laboratory.  The  former  lab  also  built  and 
field  tested  preliminary  versions  of  the  RAMS  data 
buoys.  EARLS  had  several  limitations,  but  it 
marked  a  new  era  in  Arctic  data  retrieval  since  it 
enabled  the  use  of  satellites  at  high  latitudes, 
geostationary  ones  being  "out  of  sight  and 
unusable. 

The  data  retrieval  picture  improved 
dramatically  in  1975  when  the  polar  orbiting 
NIMBUS  6  satellite  carrying  a  "RAMS"  package  was 
launched.  This  satellite  allowed  32  bits  of  data 
to  be  telemetered  in  a  burst  transmission  once  a 
mi nute. 

In  anticipation  of  this  satellite  being 
launched,  PRL  developed  an  ice  station  that  would 
measure  in-water  acoustic  ambient  noise  in  four 
1/3  octave  bands,  barometric  pressure  and  air 
temperature  sampled  at  the  three  hour  synoptic 
weather  times  of  0000Z,  0003Z,  etc.,  hold  these  in 
memory  for  24  hours  and  repeat  their  transmission 
to  catch  at  least  one  NIMBUS  6  pass  per  day. 
Because  of  logistic  exigencies,  these  stations 
were  actually  installed  in  the  ice  prior  to  the 
satellite  launch.  After  an  anxious  wait,  the 
systems  performed  beautifully  and  eight  of  them 
survived  for  more  than  a  year,  providing 
first-ever  ambient  noise  data  over  all  seasons  as 
well  as  meteorological  and  ice  drift  data  for  the 
AIDJEX  project  (1). 

The  NIMBUS/RAMS  system  was  superceded  in  1978 
by  the  ARGOS  system  carried  on  TIROS  and  N0AA 
satellites.  This  system,  considered  an 


"operational"  capability  planned  for  many  years 
use,  is  an  improved  version  of  the  RAMS.  Data 
capacity  was  boosted  to  256  bits  per  transmission, 
enabling  roughly  up  to  around  3000  bits  per 
satellite  pass.  Positional  accuracy  can  be  as  good 
as  150  meters  (50%  circular  probable  error)  per 
fix.  Two  satellites  provide  about  28  passes  per 
day  in  the  polar  regions.  PRL  has  developed  a 
variety  of  Arctic  as  well  as  open  ocean  data 
collection  systems  using  the  ARGOS  system. 

Systems  have  also  been  developed  using  the 
LES— 9  satellite  which  has  a  much  higher  data 
capability  and  also  allows  two  way  transmissions 
permitting  functions  of  the  buoy  to  be  changed 
remotely  by  "command"  signals.  However,  access  to 
this  satellite  is  somewhat  limited  and  the 
telemetry  equipment  is  more  expensive  than  that 
used  for  ARGOS, 

AMBIENT  NOISE 

For  many  years  PRL  made  acoustic  ambient 
noise  and  propagation  measurements  to  provide 
background  data  for  predicting  performance  of 
surveillance  systems.  The  measurements  made  from 
"quiet"  manned  camps,  were  limited  primarily  to  a 
few  months  in  the  spring  when  aircraft'  operating 
conditions  permitted  support  of  the  camps.  It  was 
expected  that  significant  seasonal  variations 
would  occur.  This  was  verified  initially  by  the 
unmanned  ambient  noise  stations  using  RAM's 
telemetry  briefly  mentioned  above.  This 
capability  was  greatly  expanded  with  the 
development  of  the  SYNARG0S  system  (2).  SYNARGOS 
is  a  micropower,  automatic,  ambient  noise 
collection  system.  It  measures  ambient  noise  in 
eleven  1/3  octave  bands  whose  center  frequency  can 
be  selected  depending  on  the  application.  Data  in 
each  band  is  averaged  generally  maintaining  a 
constant  bandwidth-time  product.  This  was 
developed  for  obtaining  synoptic  environmental 
data  in  ice  covered  seas  for  periods  exceeding  one 
year.  Synoptic  data  samples  are  stored  in  a 
24-hour  memory  under  mi croprocessor  control  and 
relayed  by  once  per  minute  burst  transmissions  to 
the  two  N0AA  series  polar  orbiting  satellites. 
The  satellites  carry  the  ARGOS  random  access  data 
collection  system  on  board.  Buoy  positions  are 
determined  to  within  a  circlar  probable  error 
(50%)  of  less  than  300  meters  by  doppler 
measurements  made  on  the  transmitted  signal. 
Twenty-four  SYNoptic  ARGOS  (SYNARGOS)  ambient 
noise  measurement  buoys  have  been  used 
successfully  in  the  Arctic  and  MIZLANT;  and  four 
more  modified  units  designed  to  rest  on  the  bottom 
for  a  year  before  surfacing  and  transmitting  their 
data  have  been  deployed:  two  in  the  Bering  Sea 
and  two  in  the  Eastern  Arctic.  The  data  is 
providing  valuable  long-term  statistical  sampling 
of  the  highly  variant  underice  noise  field  of 
unstudied  regions  of  the  Arctic  and  Sub-Arctic. 
Development  of  the  SYNARGOS  System  was  sponsored 
by  0NR  (Code  425  Arctic). 


Figure  1.  SYNARGOS  Ambient  Noise  'led 

in  Pack  Ice 


As  a  result  of  the  SYNARGOS  buoy  programs,  a 
vast  amount  of  data  has  been  archived  at  PRL.  A 
start  has  been  made  in  analysing  this  data  in  a 
program  funded  by  the  AEAS  Program  Office.  The 
objective  is  to  publish  the  data  in  atlas  format 
to  facilitate  use  of  it  by  all  interested  parties. 
The  approach  used  is  to  divide  the  Arctic  into  six 
areas: 

1)  North  Barents  Sea 

2)  Greenland  Sea 

3)  East  Central  Arctic 

4)  West  Central  Arctic 

5)  Kara  Sea 

6)  Chuckchi  Sea 

The  data  has  been  segregated  by  area  and 
detailed  analysis  has  begun.  Information  reported 
includes  all  buoy  positions  computed,  number  of 
data  samples,  average,  standard  deviation, 
maximum/minimum  levels  and  percentile  levels  of 
ambient  noise  from  the  eleven  1/3  octave  bands 
reported  for  each  buoy  by  month.  Summary 
percentile  plots,  buoy  tracks,  time  series  data 
and  ice  conditions  forecast  by  the  Navy/NOAA  Joint 
Ice  Center  are  also  provided.  Some  work  has  been 
done  on  all  areas,  but  the  report  for  AREA  2  was 
the  only  one  that  could  be  completed  on  available 
funds  (3). 
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rtONTHi  AUGUST  83  DUOYi  1762 

OUTPUT  IN  FILE  ARNA 1762 

DISPLACEMENT  (N.  HI. II  132.672 
DIRECTION  ( TRUE  > I  183.349 

THE  NUMBER  OF  DATA  SAMPLES  IS  23 

FREQUENCY  STD 

H2  AVG  DEV  MIN  SK 

3.0  73.7  6.9  38.9  64.3 

10.0  76.7  6.7  63.2  67.3 

12.0  76.2  3.9  61.1  67.7 

13.0  73.3  3.1  6|.l  66.3 

20.0  73.0  4.4  64.8  68.3 

23,0  73.6  4.5  64.4  67.8 

31.3  72.6  4.7  39.0  63.8 

40.0  71.9  4.8  38.5  65.0 

30.0  68.3  4.8  36.3  61.3 

100.0  61.1  3.9  50.7  32.7 

320.0  33.3  3.1  44.3  30.2 


Figure  2.  Archiv 


Use  of  SYNARGOS  has  since  been  expanded  to 
the  open  ocean  in  the  small,  relatively  low  cost 
deep  moored  BREAM  buoys  built  for  NAVAIR/NAVOCEANO 
and  drifting  acoustic  buoys  designed  for 
NAVELEX  612  (4)(5). 


ACOUSTIC  PROPAGATION 


NORTHI -152. 161  EAST!  -14.734 


MEDIAN 

l OK  2SK  50%  75K 

66.3  69.3  72.2  76.9 

68.2  72.3  76.3  80.3 

63,6  71.8  76.0  79.3 

67.2  70.1  72.3  76.2 

69.2  72.1  74.3  77.3 

67  8  70.6  73.3  73,8 

67.1  69.3  72.3  73.4 

66.3  6C.3  71.8  73.3 

63.0  64.8  67.6  71,8 

53.3  36.7  60.3  63.5 

31.2  32.0  32.7  34.1 


90V.  9SX  MAX  N 

31.3  33.4  100.2  230 

C4.4  87.1  99.9  230 

33.9  34.9  95,3  230 

80.1  E2. 2  92.9  230 

80.4  82.1  90.2  230 

79.3  82.6  87. 8  230 

79.3  81.4  37.4  230 

78.5  D0.3  £4.5  230 

73.0  77.9  32.3  230 

69.8  71.6  79.0  230 

53.0  60.7  63.3  230 


Ambient  Noise  Data  Format 


Most  acoustic  propagation  measurements  in  the 
Arctic  have  been  made  using  explosive  charges  as 
acoustic  sources  and  all  of  the  past  Central 
Arctic  measurements  were  made  in  the  short  spring 
season.  Very  limited  work  has  been  done  with 
CW  projectors,  primarily  small  high  frequency 
projectors  or  very  large  low  frequency  projectors. 
Over  the  past  two  years  in  an  effort  supported  by 
NAVELEX  612  PRL  has  developed  a  relatively  small 
nonresonant  narrow  band  CW  projector  which  covers 
the  range  between  20  Hz  and  55  Hz  in  its  current 
configuration.  Output  level  is  adjustable  with  a 
peak  output  of  1  acoustic  watt  (172  db  re  1  yd)  at 
the  low  end  increasing  to  several  acoustic  watts 
at  the  higher  frequencies,  eg.  3.4  watts  at  32  Hz. 


Figure  3.  Non  Resonant  Acoustic  Projector 
(NRAP) 


The  projector  is  based  on  a  concept  devised 
by  H.  A.  Wilcox  then  at  NOSC  (6).  It  includes  two 
pistons  having  an  effective  diameter  of  about 
12  inches.  The  pistons  are  driven  by  an  electric 
motor  and  flywheel  through  a  linkage  that 
effectively  functions  like  a  crank  shaft  with 
piston  rods.  Amplitude  is  adjusted  by  varying  the 
location  of  a  pivot  point  in  the  linkage  using  a 
second  motor  driving  a  ball  screw.  The  system  is 
relatively  efficient  since  energy  taken  from  the 
flywheel  during  the  outward  movement  of  the 
pistons  is  returned  to  the  flywheel  as  the  water 
pressure  assists  the  inward  motion  of  the  pistons. 
Projector  output  is  measured  by  measuring  piston 
displacement  with  an  LVDT  pickup  and  also  using 
monitor  hydrophones  mounted  on  the 
suspension/power  cable.  Piston  seals  are 
corregated  stainless  steel  bellows.  The  projector 
is  pressure  compensated  to  hold  the  pressure 
differential  across  the  piston  faces  to  about 
8  psi.  The  package  is  about  14  inches  in  diameter 
and  30  inches  long.  The  first  projector  was 
designed  and  built  in  a  four  month  program  and 
tested  in  the  Arctic  in  the  Spring  of  1984.  A 
second  version  of  the  unit  incorporating 
refinements  resulting  from  lessons  learned  in  the 
earlier  tests  is  attached  to  an  in-ice  buoy  by  a 
suspension/power  cable  which  places  the  projector 
300  feet  below  the  surface.  The  buoy  includes  a 
power  pack  and  controls  for  the  projector  and  an 
ARGOS  system  which  relays  source  level  data  from 
both  the  piston  displacement  sensor  and  the 
monitor  hydrophone  as  well  as  other  engineering 
data.  The  system  controls  operate  the  projector 
for  eight  minutes  a  day  at  each  of  four  different 
frequencies  (20,  32,  40  and  52  Hz).  The  projector 
was  operated  in  a  manual  mode  for  145  hours  during 
the  field  experiment  this  spring  and  was  left 
operating  automatically  at  the  end  of  the 
experiment.  It  is  still  functioning  properly. 

Signals  from  the  projector  buoy  are  received 
by  two  Propagation/Ambi ent  Noise  (PAN)  buoys. 
These  buoys  carry  an  on-board  narrow  band  spectrum 
analyser  with  channels  tuned  to  the  four 
transmitted  frequencies.  They  are  clock 
controlled  to  integrate  received  level  for  five 
4  minute  periods.  These  periods  are  timed  so  that 
one  of  the  four  minute  periods  contains  signal  for 
the  full  four  minutes  at  any  possible  range  in  the 
Arctic.  The  signal  level  from  the  measurement 
window  containing  the  highest  level  is 
transmitted.  The  PAN  buoys  also  carry  a  SYNARGOS 
ambient  noise  1/3  octave  measurement  system, 
allowing  computation  of  both  signal  and  noise 
levels  at  the  receiver.  The  initial  range  between 
the  projector  and  the  PAN  buoys  was  approximately 
120  nmi.  This  range  will  change  depending  on 
relative  ice  drift.  Operation  of  the  buoy  array 
into  the  summer  will  provide  the  first  ever  summer 
acoustic  propagation  data  for  the  Central  Arctic. 

METEOROLOGICAL  SYSTEMS 

In  addition  to  environmental  acoustic 
systems,  PRL  has  built  a  variety  of  systems  for 
measuring  meteorological  parameters.  These 
include  the  work  horse  Arctic  airdrop  buoy  first 
built  in  a  NIMBUS/RAMS  version  (ADRAMS)( 7)  and 
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later  in  a  TIROS/NOAA  satel 1 ite/ARGOS  version 
(TAD)(8)  used  to  meas  u re  barometric  pressure, 
average  daily  temperature  and  ice  drift.  This 
buoy  consists  of  a  lexan  sphere  covered  with  one 
inch  of  foam  insulation  which  is  overlaid  with 
fiberglass.  It  is  paradropped  onto  the  ice  where 
a  crushable  pad  decelerates  the  vertical  component 
of  velocity.  Switches  embedded  in  the  pad  close 
on  impact  firing  a  cutter  for  chute  release. 
Horizontal  velocity,  which  is  the  velocity  of  the 
near  surface  wind,  invariably  causes  the  system  to 
roll,  but  all  of  the  electronics  including  the 
battery  and  antenna  are  mounted  on  a  pendulous 
platform  that  rides  on  teflon  sliders  which 
contact  the  inside  of  the  sphere.  The  self 
erecting  internal  platform  levels  the  antenna 
ground  plane  and  also  the  lithium  batteries  which 
must  be  in  an  upright  position  to  deliver  their 
rated  energy. 

A  variety  of  weather  stations  have  been  built 
for  use  in  the  Arctic  and  Antarctic  and  have 
performed  very  well.  The  version  used  on  pack  ice 
has  been  built  with  an  eight  inch  diamter  tube 
base  which  is  inserted  in  a  hole  drilled  in  the 
ice,  as  well  as  in  a  surface  mounting  version. 
The  tube  provides  a  compartment  for  the  batteries 
and  electronics  that  is  warmed  by  the  proximity  to 
sea  water.  This  permits  use  of  alkaline  batteries 
rather  than  the  more  expensive  lithium  cells. 
On-ice  stations  also  carry  a  compass  to  provide  a 
magnetic  north  reference.  This  has  to  be 
corrected  for  magnetic  variation  at  the  station 
location  which  can  be  done  very  accurately  in  most 
Central  Arctic  areas  from  published  tables.  The 
weather  station  electronics  is  currently  being 
converted  to  PRL’s  new  PTT  which  allows  readout  of 
wind  speed  and  direction  or  wind  vectors. 


Figure  4.  Weather  Station  for  Installation  in 
Arctic  Pack  Ice 


Development  of  an  air  deployable  version  of 
the  station  is  currently  being  completed  for  the 
Office  of  Polar  Programs,  NSF,  for  use  in  the 
Antarctic,  but  this  also  may  have  some  Arctic 
applications.  This  station  is  designed  to  erect 
itself  and  raise  a  mast  up  to  the  three  meter 
height  after  being  paradropped  to  the  ice.  The 
first  phase  design  and  testing  work  was  carried 
out  under  an  ONR  Code  425  Arctic  contract  with 
funds  from  NSF. 

At  all  ice  camps  in  the  major  Arctic  program 
carried  out  this  spring,  PRL  utilized  small  ARGOS 
units  with  keypads  for  reporting  weather  data  in 
an  abbreviated  "Ship  Code"  format.  Camp  status 
information  was  also  appended  to  the  message.  A 
PRL  Local  User  Terminal  (LUT)  positioned  at  the 
logistics  base  in  Thule,  Greenland  received  the 
data.  With  approximately  28  satellite  passes  per 
day  available,  near  real  time  communications  were 
attained.  The  weather  data  and  computed  positions 
from  the  LUT  were  used  for  flight  operations  and 
were  also  generally  available  to  meteorologists 
via  the  Global  Telemetry  System  through  Service 
ARGOS.  This  link  was  felt  to  be  vital  because  HF 
communications  are  interrupted  for  periods  of  a 
week  or  more  at  a  time  by  Polar  Cap  Absorption. 

OCEANOGRAPHIC  SYSTEMS 

A  variety  of  oceanographic  sensors  have  been 
interfaced  to  PRL's  Arctic  platforms.  These 
include  thermistor  strings  (both  analog  and 
multiplex),  conductivity/ temperature/depth  strings 
and  current  meters  at  one  or  more  levels. 

The  initial  thermistor  string  work  for  both 
analog  and  multiplex  thermistor  strings  was 
carried  out  under  contract  to  ONR  Code  425  Arctic. 
This  work  was  subsequently  carried  further  on  PRL 
funds  and  additional  improvements  were  recently 
made  to  the  multiplex  thermistor  string  under 
contract  to  NDBC.  The  system  was  refined  to 
utilize  the  same  conductor  pair  to  power  the 
subsurface  sensor  packages  and  transmit  the 
digital  signals.  This  system  uses  up  to  three  two 
wire  buses  for  redundancy  and  has  been  built  in 
300  meter  and  600  meter  open  ocean  versions  for 
use  in  an  NDBC/Naval  Oceanographic  Office  program. 
These  systems  carry  15  temperature  sensors  and  one 
pressure  depth  sensor  (9).  The  analog  strings 
previously  required  tedious  matching  of  resistors 
for  linearizing  the  thermistors,  but  this  is  now 
done  via  software  control.  The  Arctic  versions  of 
the  systems  are  less  complex  mechanically  since 
they  operate  in  a  comparatively  benign 
environment. 

The  conductivity/ temperature  string  buoy 
(SALARGOS)  was  built  in  several  versions  for  the 
Polar  Science  Center,  University  of  Washington, 
the  latest  with  six  sensors  pairs  distributed  over 
a  300  meter  Kevlar  string  (10).  The  buoy  samples 
the  sensors  every  12  minutes  and  averages  the 
samples  over  three-hour  periods.  Averages 
covering  a  24-hour  period  are  transmitted  through 
the  ARGOS  system  during  a  five-hour  transmission 
window  once  a  day.  Recent  Arctic  deployments 
suggest  that  the  SALARGOS  buoy  is  capable  of 
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making  salinity  measurements  with  accuracies  of 
about  0.02  parts  per  thousand  for  periods  of  at 
least  two  months  in  the  Arctic  during  spring 
conditions.  Biological  fouling  does  not  appear  to 
be  a  problem  for  these  conditions.  One  of  these 
buoys  is  currently  deployed  on  the  pack  ice  in*  a 
Polar  Science  Center  program. 

A  current  meter  version  of  the  buoy  was  used 
to  collect  under-ice  current  speed  and  direction 
data  from  a  pair  of  Savonius  rotor  current  meters 
tethered  at  100  and  300  feet  below  the  drifting 
pack  ice.  They  were  deployed  from  a  buoy 
installed  100  miles  north  of  Franz-Joseph  Land 
during  the  spring  of  1982  (11).  The  data  was 
sampled  every  two  hours  after  9  minutes  of 
averaging.  The  system  has  a  resolution  of 
0.01  knot  with  an  accuracy  of  0.05  knots  above 
0.1  knot  and  a  rotor  threshold  of  0.05  knot.  By 
using  high  stability  oscillators  to  obtain 
+  or  -150  meter  circular  probable  error  in  ARGOS 
position,  it  appears  to  be  possible  to  extract  the 
relative  ice  drift  from  the  velocity  data  and 
extract  the  true  current.  After  deployment,  the 
buoy  drifted  under  the  influence  of  the  East 
Spitsbergen  Current  from  April  of  1982  through 
January  of  1984  providing  valuable  data  from  this 
infrequently  studied  area.  A  number  of  additional 
units  have  been  built  for  other  users.  Other 
types  of  current  meters  have  also  been  interfaced 
to  the  system  including  a  spherical  instrument 
that  measures  current  vectors  with  electromagnetic 
sensors  combined  with  compass  data. 
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ABSTRACT 


The  SALARGOS  buoy  system  has  been  designed  to  'make 
unattended  measurements  of  temperature  and 
conductivity  in  the  Arctic  Ocean,  Three  buoys  have  been 
built  and  used;  one  with  sensors  at  three  depths  and  two 
with  sensors  at  six  depths  down  to  300  m. 

The  units  were  used  at  Pram  Ill  in  1981,  Pram  IV  in  1982, 
Pond  Inlet,  NWT  in  1982,  MIZEX  83  and  AIWEX  in  1985.  The 
buoys  are  capable  of  producing  temperature  and  salinity 
measurements  of  high  accuracy  for  extended  periods  of 
time.  The  results  of  these  experiments  and  future  plans 
sire  discussed. 


1.  INTRODUCTION 


Since  1980  three  buoys  have  been  designed  and  built  to 
measure  temperature  and  conductivity  in  ice-covered 
oceans.  Motivation  for  this  effort  has  come  from  three 
areas,  Pirst  was  the  desire  to  obtain  long  term 
hydrographic  records  from  the  upper  Arctic  Ocean  in 
order  to  study  the  mixed  layer.  At  present,  the  best 
available  data  sets  are  a  four-year,  1970  to  1973, hydrocast 
record  from  ice  island  T-3  and  one  year  of  hydrocast 
records  from  the  AIDJEX  project,  1975-76.  The  only 
feasible  way  of  obtaining  more  year-long  hydrographic 
records  is  with  automated  equipment;  the  maintenance  of 
a  manned  camp  would  be  prohibitively  expensive.  The 
buoys  which  have  been  developed  so  far  employ  sensors 
moored  at  fixed  depths  beneath  an  electronics  package 
embedded  in  the  ice  cover.  The  data  is  telemetered 
through  the  ARGOS  satellite  system,  which  also  determines 
the  buoy  position. 

Experience  has  shown  that  the  ARGOS  system  makes  it 
feasible  to  recover  data  in  near  real  time.  This  presents  a 
second  motivation  for  buoy  development.  The  buoys 
provide  the  capability  for  real  time  monitoring  of 
oceanographic  conditions  in  much  the  same  way 
meteorological  conditions  are  monitored.  This  opens  the 
way  for  real  time  reporting  and  prediction  of 
oceanographic  conditions  for  operational  purposes. 

The  third  motivation  for  the  buoy  development  is  to  obtain 
long  term  records  of  internal  wave  energy  in  the  Arctic. 
The  latest  buoy  samples  temperature  and  conductivity  at 
high  frequency,  making  it  possible  to  collect  continuous 
records  of  internal  wave  energy  and  to  see  how  the  energy 
changes  with  season,  ice  conditions  and  ice  motion. 

One  of  the  primary  concerns  in  developing  the  buoys  has 
been  achieving  accurate  moored  conductivity 
measurements.  Conductivity  measurements  are  a 


necessity  in  the  Arctic  Ocean  because  stratification  there 
is  due  predominantly  to  salinity  gradients.  The 
conductivity  must  be  measured  in  order  to  determine 
salinity.  Historically,  the  problem  in  making  moored 
conductivity  measurements  has  been  drift,  due  either  to 
drift  in  the  sensor  electronics,  or  to  biological  fouling.  For 
this  work  conductivity  sensors  were  chosen  which, 
experience  suggests,  yield  low  inherent  drift  rates.  Also, 
the  Arctic  Ocean  is  a  region  of  relatively  low  biological 
fouling  because  of  low  light  levels  and  cold  temperatures. 
These  factors  make  the  outlook  for  moored  conductivity 
measurements  in  the  Arctic  promising.  Nevertheless, 
much  of  the  development  and  testing  so  far  has  been 
aimed  at  evaluating  the  accuracy  of  conductivity  (or 
salinity)  measurements  made  with  the  buoys. 


2.  THE  BUOYS 


Figure  1  shows  the  third  and  latest  of  the  SALARGOS  buoys, 
all  of  which  have  been  designed  and  built  by  the  Polar 
Research  Laboratory  (PRL)  in  Carpenteria,  California.  Jn 
the  figure  the  buoy  is  shown  in  cross  section  as  it  would 
appear  in  the  ice.  It  consists  of  a  0.2  m  diameter  tube  5  m 
long.  The  tube  contains  the  data  acquisition  and 
transmission  electronics  and  enough  alkaline  batteries  to 
power  the  buoy  for  one  year.  The  tube  is  inserted  in  a  hole 
in  the  ice  and  floats  with  the  antenna  about  one  meter 
above  sea  level. 

A  multi-conductor  Kevlar  cable  is  suspended  below  the 
tube  and  six  temperature-conductivity  sensor  pairs  are 
attached  to  the  cable  at  15  m,  72  m,  129  m,  186  m,  243  m, 
and  300  m.  The  temperature  and  conductivity  sensors  are 
Sea-Bird  Electronics  SBE-3  and  SBE-4  units  described  by 
Pederson  and  Gregg  (1979).  The  Sea-Bird  units  were 
chosen  for  their  high  accuracy  and  stability  (better  than 
±0.01°  C  per  six  months  for  temperature  and  ±0.01  m 
mho/cm  per  month  for  conductivity  are  specified  by  the 
manufacturer),  lowr  power  requirements,  and  convenient 
frequency  output.  Irish  (1977  and  1981)  has  used  the  Sea- 
Bird  sensors  in  a  moored  configuration  in  Puget  Sound 
(Irish,  1977)  and  on  the  New  England  coast  (Irish,  1981). 
He  found  the  SBE-4  conductivity  sensors  produced  good 
results  as  long  as  no  severe  biological  fouling  was 
encountered.  In  this  buoy  application  the  only 
modifications  to  the  conductivity  cells  is  the  installation  of 
light  baffles  coated  with  antifouling  paint  to  inhibit 
biological  growth  in  the  cells. 

In  addition  to  the  temperature  and  conductivity  sensors,  a 
Paroscientific  Digiquartz  pressure  sensor  is  attached  at 
300  m.  This  is  used  to  correct  the  sensor  depths  for 
variation  due  to  motion  of  the  sensor  chain. 
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Figure  1. 

The  SALARGOS  temperature-conductivity  buoy  as  it  would 
appear  in  cross  section  implanted  in  sea  ice . 


The  first  and  second  buoys  were  very  similar  to  the  third 
buoy  in  physical  configuration  except  that  the  first  buoy 
had  only  three  sensor  pairs  down  to  50  m  and  the  second 
had  six  pairs  to  100  m. 


The  first  buoy  configuration  and  electronics  design  has 
been  described  in  detail  by  Morison  et  at.  ,  (1952).  The 
electronics  hardware  design  has  remained  basically 
unchanged.  In  all  the  buoys  the  data  acquisition,  storage 
and  transmission  are  controlled  by  a  microprocessor.  In 
the  first  two  units,  the  sensors  are  turned  on  and  their 
output  frequency  is  sampled  once  every  twelve  minutes 
and  these  samples  are  then  averaged  over  three  hours.  The 
three  hour  averages  for  the  preceeding  24  hour  period  are 
transmitted  through  ARGOS  during  a  five  hour  window. 


In  the  third  buoy  the  sensors  are  also  sampled  every  12 
minutes  but  the  individual  samples  are  stored  in  a  buffer 
of  nine  samples.  The  buffered  data  is  transmitted  one 
sample  at  a  time,  along  with  a  clock  signal  once  per 
minute  continuously.  In  the  Arctic  there  are  enough 
satellite  passes  so  that  each  sample  is  transmitted  twice. 


3.  RESULTS 


The  first  buoy  was  first  used  at  the  Fram  III  ice  camp  at  83° 
N,  10°  E  in  April  and  May  of  1981.  During  this  test  the  buoy 
was  operated  within  40  m  of  a  profiling  current  meter  CTD 
called  the  Arctic  Profiling  System  (APS).  The  experiment 
provided  the  first  opportunity  to  compare  the 
performance  of  the  moored  sensors  with  a  profiling  CTD. 
The  results  have  been  described  in  detail  in  Morison  et  a 1.  , 
(1932).  The  profiling  system  and  the  buoy  agreed  to 
within  ±0.013  o/oo  and  ±0.01°  C. 


The  first  buoy  was  next  tested  over  a  longer  duration  by 
deploying  it  at  Pond  Inlet,  NWT  in  the  spring  of  1952.  In 
this  deployment  one  sensor  pair  was  located  at  15  m  and 
two  pair  were  located  at  30  m.  All  the  sensors  were 
calibrated  at  the  Northwest  Regional  Calibration  Center 
before  deployment.  While  the  buoy  was  in  place  from 
February  to  June  of  1982,  the  staff  of  the  Arctic  Research 
Establishment  took  three  hydrocast  stations  at  the  buoy 
site  as  a  check  on  the  long  term  drift  of  the  sensors.  The 
results  have  been  described  in  Morison  et  ai  ,  (1982)  but 
are  reviewed  here  for  completeness.  Figure  2  shows 
three-hour  averages  of  the  buoy  salinities  from  day  57  to 
day  135  of  1982.  Also  shown  are  the  hydrocast  data  taken 
during  the  deployment.  The  top  30  m  were  fairly  well 
mixed  and  the  buoy  and  hydrocast  data  all  show  a  steady 
increase  from  about  32.45  o/oo  to  32.73  o/oo  between  day 
57  and  day  135.  This  increase  is  probably  due  to  brine 


Figure  2. 


SALARGOS  buoy  salinities  at  Pond  Inlet, 
Northwest  Territories  plotted  versus 
day  of  1982.  Salinities  measured  with 
hydrocasts  at  the  buoy  site  are  also 
shown,  and  agree  with  the  buoy  data. 
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rejection  during  ice  formation.  The  buoy  and  hydrocast 
data  agree  quite  well.  The  mean  difference  between  the 
bottle  sample  salinities  and  buoy  salinities  is  0.017  o/oo 
and  the  standard  deviation  of  the  differences  is  0.018  o/oo. 
The  errors  in  the  15  m  values  were  slightly  greater  than 
those  at  30  m  and  the  differences  were  actually  less  at  the 
end.  This,  and  the  fact  that  all  the  conductivity  sensors 
exhibited  low  values  for  the  first  24  hours  after 
deployment,  suggest  that  ice  formed  in  the  cells  when  they 
were  put  in  the  water  after  being  exposed  to  -46°  C  air 
temperatures  and  that  some  small  ice  accretion  remained 
in  the  15  m  sensor  for  some  time.  In  any  event  the 
accuracies  obtained  are  quite  good  for  a  three  month 
deployment. 

The  second  SA1ARG0S  buoy  was  used  at  the  Fram  IV  ice 
camp  in  the  spring  of  1982.  In  spite  of  numerous  sensor 
dropouts  due  to  faulty  underwater  connectors,  high 
frequency  data  was  gathered  during  this  experiment  by 
running  the  buoy  in  a  continuous  mode,  sampling  once  per 
minute,  and  gathering  the  data  on  site  with  a  special 
receiver  and  microcomputer.  This  operation  served  as  an 
incentive  for  development  of  the  third  buoy  which  will  be 
discussed  below. 

The  second  buoy  was  also  used  during  MJZEX  1983  in  the 
Greenland  Sea  at  about  81°  7’N,  6°  50’E.  It  was  positioned 
6  km  from  the  M /V  Polarbjom  drifting  in  the  ice.  This 
was  done  in  order  that  data  from  the  buoy  and  the  ship's 
CTD  could  be  compared  and  the  horizontal  gradients  in 
water  properties  determined.  Figure  3  shows  isopycnal 
depths  as  determined  from  the  buoy  data  as  a  function  of 
time.  It  shows  the  tremendous  variations  in  water 
structure  which  occur  in  the  Marginal  Ice  Zone  (MIZ). 
These  variations  are  associated,  for  the  most  part,  with 
advection  of  the  ice  through  fronts  created  by  strong 
variations  in  buoyancy  flux  at  the  ice  edge. 

The  third  SALARGOS  buoy,  SALARGOS  1947,  was  deployed  at 
the  Arctic  Internal  Wave  Experiment  (AIWEX)  ice  camp  in 
the  Beaufort  Sea  at  74°  04'N,  '144°  24'W  on  April  13,  1985, 
and  is  still  operating.  As  mentioned  above  this  buoy  uses 
most  of  the  hardware  from  the  second  buoy  but  with  new 
software  which  allows  samples  to  be  taken  every  12 
minutes,  accumulated,  and  transmitted  through  ARGOS. 
This  was  done  in  keeping  with  the  aim  of  the  AIWEX  to 
study  the  Arctic  internal  wave  field.  Specifically  the  buoy 
will  provide  internal  wave  spectra  over  an  extended  period 
of  time  so  that  changes  in  internal  wave  energy  can  be 
correlated  with  ice  motion  and  changes  in  the  surface 
conditions.  The  actual  installation  is  similar  to  that  shown 


in  Figure  1  with  the  addition  of  an  auxiliary  battery  tube 
with  a  VHF  homing  beacon  implanted  next  to  the 
SALARGOS  buoy  and  a  plywood  ablation  shield  laying  on  the 
surface  around  the  buoy.  The  auxiliary  battery  tube 
provides  an  additional  one  year  of  power  for  SALARGOS  and 
the  beacon  will  permit  precise  location  of  the  buoy  by 
search  aircraft  in  the  event  of  a  return  to  the  buoy  site. 
The  ablation  shield  is  meant  to  prevent  local  radiation 
melting  of  the  ice  during  the  summer.  An  ARGOS 
meteorological  buoy  has  also  been  installed  70  m  from 
SALARGOS  as  part  of  the  Coordinated  Arctic  Buoy  Program. 
The  combination  of  the  two  buoys  should  provide  much  the 
same  data  as  a  small  manned  camp  would  provide. 

While  there  is  still  not  a  long  data  record  from  SALARGOS 
1947,  data  acquired  during  AIWEX  is  available  along  with  a 
few  profiles  gathered  in  real  time  since  April  30,  1985. 
Figure  4  shows  salinity  and  temperature  profiles  measured 
with  the  APS  during  AIWEX  along  with  the  corresponding 
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Figure  4. 

SALARGOS  temperature  and  salinity  data  taken  at  1818  GMT  on  4119/85 
superimposed  on  APS  temperature  and  salinity  profiles  measured  at 
1815  on  4119/85.  Agreement  between  the  two  instruments  was  quite 
good  considering  their  600  m  horizontal  separation. 


Figure  3. 

Isopycnal  depths  measured  with  the 
SALARGOS  during  M1ZEX  83  at  a  station 
6  km  east  of  the  Polarbjom. 

The  large  fluctuations  are  due  to 
the  presence  of  fronts. 


data  from  SALARGOS  1947.  The  agreement  between  the 
two  instruments  is  quite  good,  especially  considering  the 
buoy  and  CTD  were  separated  600  m  and  some  of  the 
measurements  are  in  high  gradient  areas.  Although 
complete  statistics  have  not  been  computed,  preliminary 
results  indicate  buoy  salinities  average  0.02  o/oo  lower, 
±0.01  o/oo,  than  the  CTD  salinities  and  buoy  temperatures 
average  0.01°  C  higher,  ±0.01°  C,  than  the  CTD 
temperatures.  These  errors  are  on  the  same  order  as 
those  at  Fram  III  and  Pond  Inlet. 

Figure  5  is  an  example  of  some  of  the  largest  signal 
fluctuations  we  might  expect  to  see  in  the  SALARGOS  1947 
data.  The  figure  shows  salinity  profiles  constructed  from 


survivability  and  drift  of  the  system.  One  subject  which  is 
worth  mentioning  is  the  cost  of  gathering  data  with  the 
SALARGOS  buoys.  The  buoys  cost  on  the  order  of  $50,000 
plus  an  installation  cost  of  about  $10,000.  This  seems  like 
a  lot  for  an  instrument  which  must  be  considered 
expendable.  However,  the  logistical  cost  of  maintaining 
one  scientist  in  the  field  is  about  $1,200  per  day  at  an  ice 
camp  (assuming  of  course  that  a  large  enough  camp  were 
maintained  year  around  to  achieve  economy  of  size). 
Thus,  a  hydrographic  program  carried  out  by  two  people 
would  be  more  expensive  than  a  SALARGOS  buoy  after  25 
days.  Clearly  buoy  systems  are  the  appropriate  way  to 
gather  long  time  series  of  data  in  the  Arctic. 


Figure  5. 


Profiles  of  salinity  constructed  from  SALARGOS 
data  gathered  before,  during,  and  after  an 
anti-cyclonic  eddy  passed  through  the  AIWEX  area. 
Salinity  values  at  129  m  are  missing  because  the 
conductivity  sensor  at  that  depth  failed.  The 
core  of  the  eddy  is  between  100  m  and  250  m. 


data  gathered  before,  during,  and  after  an  anti-cyclonic 
eddy  moved  through  the  experimental  area.  The  value  at 
129  m  is  missing  because  the  conductivity  sensor  at  that 
depth  failed.  The  fluctuations  are  associated  with  30 
cm/sec  currents  in  the  eddy  core  between  100  m  and  250 
m.  Manley  (1981)  indicates  such  eddies  may  be  an 
important  mechanism  of  vertical  momentum  transfer  in 
the  central  Arctic.  The  data  of  Figure  5  suggests  the 
detection  of  eddies  over  the  Life  of  the  buoy  should  be 
possible.  Thus,  the  buoy  data  will  provide  valuable 
information  on  the  frequency  of  occurance  and  intensity  of 
the  eddies. 

Figure  6  shows  sound  velocity  profiles  computed  on  the 
basis  of  data  acquired  from  SALARGOS  1947  in  near  real 
time  through  the  ARGOS  data  acquisition  system.  They  are 
presented  to  demonstrate  the  type  of  information  which 
can  be  recovered  by  real  time  monitoring.  The  ARGOS 
data  center  in  Toulouse,  France  disseminates  data  from 
SALARGOS  monthly  on  magnetic  computer  tape  but  it  is 
also  possible  to  access  files  of  the  latest  data  from  the 
buoy  with  a  computer  terminal  via  phone  line.  The  data  of 
Figure  6  is  from  the  latter  source.  It  indicates  a  slight 
increase  in  sound  velocity  at  15  m  due  to  a  slight  increase 
in  salinity. 


4.  CONCLUSIONS  AND  FUTURE  PLANS 


SOUND  SPEED  (m/s) 


Based  on  results  from  Fram  III,  Pond  Inlet,  and  AIWEX,  the 
SALARGOS  buoy  concept  appears  to  be  a  viable  means  of 
obtaining  long  term  hydrographic  records  from  the  Arctic 
Ocean.  Accuracies  are  about  0.02  o/oo  in  salinity  and 
0.01°  C  in  temperature.  Of  course  experience  with 
SALARGOS  1947  will  tell  us  more  about  the  long  term 


Figure  6. 

Sound  velocity  profiles  derived  from  SALARGOS  data  gathered 
on  4/30185  and  5/28/85  and  retrieved  in  near  real  time  through 
Service  ARGOS.  The  increase  in  sound  velocity  at  15  m  is 
due  to  an  increase  in  near  surface  salinity. 
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Future  plans  involve  three  main  enterprises.  First  we  hope 
to  return  to  the  SALARGOS  1947  site  in  six  months  to  a 
year  and  perform  a  hydrocast  for  a  check  on  instrumental 
drift.  Second  we  plan  on  installing  more  SALARGQS  buoys 
in  the  Arctic  Ocean  as  part  of  a  long  term  program  funded 
by  CNOC.  Finally,  we  have  been  funded  through  a  SB1R 
grant  to  Flow  Research  to  develop  a  profiling  CTD  package 
suitable  for  long  term  use  with  the  SALARGOS  system.  This 
will  eliminate  the  cost  of  using  multiple  sensor  pairs  and 
will  provide  improved  vertical  resolution. 
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ABSTRACT 

A  review  of  ice  island  generation  in  the  past 
three  decades  is  presented.  For  the  largest  ice 
island  produced  in  the  April  1983  calving  from 
Ward  Hunt  Ice  Shelf,  selected  episodes  of 
movement  are  related  to  conditions  of  wind  and 
internal  pack  ice  stress.  The  Department  of 
Energy  program  to  follow  the  trajectories  of 
eight  ice  islands  using  Arctic  Buoys  is 
described  in  detail,  and  some  possible 
additional  uses  of  ice  islands  in  support  of 
Arctic  Naval  Operations  are  also  discussed. 


1.  INTRODUCTION 

The  discovery  of  ice  islands.,  which  are  large 
tabular  icebergs  originating  from  the  shelf  ice 
of  the  north  coast  of  Ellesmere  Island,  has  been 
largely  a  matter  of  chance  since  1946,  (Koenig, 
1951)  when  the  ice  island  T-l,  measuring 
approximately  15  by  18  nautical  miles,  was  found 
300  miles  north  of  Point  Barrow.  Iri  1950,  the 
islands  T-2  and  T-3  were  discovered,  of 
dimensions  17  by  18  nautical  miles  and  4  5  by  9 
nautical  miles,  respectively.  The  Naval  Arctic 
Research  Laboratory  maintained  a  camp  for 
research  on  T-3  for  many  years,  and  in  July  1984 
the  island  was  sighted  near  the  southern  tip  of 
Greenland,  having  finally  been  ejected  from  the 
Arctic  Ocean. 


2.  HISTORY  OF  ICE  ISLAND  GENERATION 

Early  references  to  ice  islands  date  back  to 
Parry  (1821),  who  found  an  immense  floe  in 
M'Clure  Strait...  "covereG  with  large  hummocks, 
giving  to  its  upper  surface  the  appearance  of 
hill  and  dale...  The  thickness  of  this  floe  at 
its  nearest  edge  was  6  or  7  feet  above  the  sea, 
and...  the  whole  thickness  would  appear...  to 
have  beer  from  forty  to  fifty  feet."  It  seems 
likely  that  this  was  a  very  old  multi-year 
hummock  field.  The  ice  shelves  of  Ellesmere 
Island  have  long  linear  melt-pond  features, 
parallel  to  the  coastline,  presumably  caused  by 
the  prevailing  wind  direction  in  summer,  and  ice 
islands  calving  from  these  shelves  can  be 
expected  to  possess  these  long  linear  melt-pond 
features  for  some  years  at  least.  Such  ieatures 


were  noted  on  drifting  islands  of  ice  in  1883 
by  Greeley,  in  1918  by  Storkerson,  and  by 
others  as  well.  The  search  of  RCAF  aerial 
photos  by  Greenaway  in  1952  yielded  59  possible 
ice  islands  and  many  smaller  fragments.  A  more 
recent  review  by  Spedding  (1977)  resulted  in  an 
estimate  of  3184  km2  of  ice  island  area  created 
or  discovered  in  the  three  decades  1946-1976. 
This  includes  the  massive  calving  of  five  large 
islands  from  the  Ward  Hunt  Ice  Shelf  in 
February/March  1962,  involving  an  area  of 
approximately  600  km2. 

An  extended  series  of  ice  observations  made  by 
H.  Serscn  during  annual  traverses  from  1960  to 
1980  have  led  to  the  consistent  conclusion  that 
ice  island  generation  is  a  sporadic  but 
frequent  event.  Serson's  results  have  been 
reported  in  detail  elsewhere  (Serson  1984; 
Sackinger  et.  al.  1985);  the  summary  of  his 
results  are  shown  in  Figure  1,  which  is  a  table 
of  ice  island  generation  for  1963-1980.  The 
ice  islands  produced  from  the  Ward  Hunt  Ice 
Shelf  in  1962  were  observed  on  an  opportunistic 
basis,  and  some  of  them  are  thought  to  be 
responsible  for  the  grounded  ice  island 
fragments  along  the  Beaufort  Sea  coast  during 
1972-75.  The  1972  survey  found  433  fragments, 
with  299  found  in  1973,  and  27  in  1974 
(Spedding  1977).  The  islands,  once  created, 
tend  to  drift  clockwise  in  the  Beaufort  Gyre 
and  may  circulate  for  decades  before  being 
caught  in  the  trans-Polar  drift  stream  and 
being  finally  ejected  from  the  Arctic  Ocean. 
The  calving  of  several  islands  from  the  Ward 
hunt  Ice  Shelf  in  1983  (Jeffries  and  Serson 
1983)  has  resulted  in  similar  behavior  as 
discussed  below. 


3.  ICE  ISLAND  TRAJECTORIES 

The  largest  ice  island  produced  in  the  1583 
calving  was  instrumented  by  Dr.  George  Hobson 
of  the  Canadian  Polar  Continental  Shelf 
Project,  and  the  trajectory  of  that  islano  from 
August  13,  1983  until  February  5,  1985  is  shown 
in  Figure  2.  The  average  drift  towards  the 
southwest  along  the  coast  is  evident,  but  the 
episodes  of  movement  are  obviously  of  at  least 
two  types:  (1)  large  daily  movements  parallel 
to  the  coast;  {?.)  small  daily  movements  towards 
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Figure  2.  Trajectories  of  Hobson's  Ice  Island  from 
August  13,  1983  until  February  5,  1985. 
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shore,  away  from  shore,  or  occasionally  towards 
the  east  and  northeast  but  parallel  to  shore. 
An  analysis  has  been  made  of  the  winds  which 
produce  these  movements;  in  Figure  3,  the 
example  is  given  of  an  offshore  wind  which  moved 
the  pack  ice  away  from  the  shoreline  and  allowed 
3  days  of  large  movements,  followed  by  an 
on-shore  wind  which  closed  the  pack  ice  against 
the  shore  and  led  to  small,  restricted  island 
movements  (Sackinger  et.  al.  1985).  Additional 
correlation  of  these  movements  with  geostrophic 
winds  has  been  carried  out  (Sackinger  et.  al. 
1985)  and  the  dominant  effect  upon  the 
trajectory  has  been  shown  to  be  the  presence  of 
the  adjacent  shoreline,  the  windspeed,  and  the 
wind  direction  in  relation  to  the  shoreline.  A 
model  for  ice  island  motion  which  includes  these 
effects  has  been  formulated. 


4.  RESEARCH  PROGRAM  OBJECTIVES 

The  objective  of  the  research  program  on  ice 
islands,  sponsored  by  the  US  Department  of 
Energy,  is  to  establish  the  probability  of 
interaction  between  an  ice  island  and  an 

offshore  oil  production  structure  on  the  Alaskan 
Outer  Continental  Shelf.  The  approach  being 
taken  is  to  determine  the  statistics  of  ice 
island  generation,  in  time  and  in  space,  from 
historical  data  and  the  monitoring  of 

contemporary  calving  events;  these  data  are  used 
as  inputs  to  a  trajectory  calculation  which 
contains  primarily  deterministic  elements,  but 
which  contains  the  probabilities  of  various 
episodes  of  crucial  wind  directions,  magnitudes, 
and  durations;  the  calculated  trajectories  are 
to  be  compared  with  actual  observed  trajectory 
segments;  and  the  combi naticn  of  the  generation 
and  transport  calculations  is  to  be  used  to  find 
the  expected  paths  in  the  Beaufort  Sea  coastal 
regions.  Application  of  geometrical  relations 
(Dunwoody  1983)  then  yield  the  interaction 
probabilities  desired.  Ice  island  features, 
with  thicknesses  up  to  60  meters,  represent  the 

most  severe  ice  hazard  if  they  do  interact  with 

a  structure,  and  it  is  important  to  quantify 
this  problem  insofar  as  possible  before 
production  designs  are  needed  in  the  Arctic 
offshore. 

Eight  buoys  are  to  be  deployed,  each  with  a 
projected  battery  life  of  six  years.  Six  of 
these  will  transmit  pressure  and  temperature; 
one  will  transmit  windspeed  and  direction  as 
well,  and  one  wil1  transmit  location  only. 
Deployment  is  in  progress,  with  two  buoys 
presently  operating  at  82.325°N,  86.68°W  and 

81.738°N,  93.294°W,  and  others  in  various  stages 
of  construction,  deployment,  repair,  and 
redepl oyment .  Vie  anticipate  that  all  will  be 
deployed  by  October  1985,  and  that  the  five 
major  ice  islands  in  the  1983  cluster  will  be 
instrumented,  with  the  1984  minor  calving  also 
instrumented  with  one  buoy.  Three  old  ice 
islands,  discovered  in  1984  near  the  Ward  Hunt 
Ice  Shelf  and  the  M'Clintock  Ice  Shelf,  may  also 
be  among  those  chosen  to  be  instrumented.  The 
pressure  information  from  stations  that  are 


relatively  near  one  another  should  enable  a  more 
accurate  determination  of  coastal  winds,  which 
in  turn  will  refine  the  input  information  for 
the  trajectory  calculations. 


5.  POSSIBLE  USES  OF  ICE  ISLANDS  FOR  ARCTIC 
NAVAL  OPERATIONS 

Most  of  the  Arctic  operations  of  the  Navy  are 
undersea  operations.  The  difficulties  of 
communications,  command,  and  control  are- 
obvious  in  these  situations.  The  ice  island  is 
a  very  thick,  physically  hard  and  extremely 
durable  piece  of  floating  ice  with  a  lifetime 
measured  in  decades.  It  does  move,  but  its 
position  can  be  known  from  the  satellite 
positioning  techniques  currently  available.  It 
has  a  relatively  flat  undersurface  and  a 
gently-rolling  upper  surface.  It  can  be  the 
base  for  a  remote  station  which  could  provide 
several  functions.  For  example,  electromagnetic 
signals  could  be  received  by  a  station  deployed 
on  the  island,  and  translated  into  acoustic 
signals  to  be  broadcasted  from  a  suitable 
transducer  beneath  the  island.  Conversely, 
acoustic  signals  and/or  background  noise  could 
be  received  by  hydrophones  beneath  the  island 
and  re-transmitted  to  satellites  or  aircraft 
overhead.  The  communication,  command,  and 
control  links  might  utilize  this  approach  as 
one  of  several  parallel  channel  categories. 
The  ice  island  is  of  very  low  salinity  ice,  so 
that  the  electromagnetic  loss  within  the  island 
would  not  be  great,  and  the  island  itself  could 
be  a  dielectric  substrate  for  the  support  of  a 
large,  low  frequency  electromagnetic  antenna 
which  might  operate  either  in  the  transmitting 
or  the  receiving  mode,  or  as  an  element  in  an 
acoustic-to-electromagnetic  active  conversion 
station.  Finally,  the  use  of  an  ice  island  as 
a  physical  support  station  for  operations,  for 
research,  for  emergency  logistics  of  a  variety 
of  types,  should  not  be  overlooked.  Bathymetry, 
hydrography,  and  similar  studies  on  an 
automatic  basis  may  be  possible  from  drifting 
stations.  The  essential  element  to  be 
considered  is  that  perhaps  twerty  or  more  ice 
islands,  extremely  durable  and  persistent, 
inhabit  the  Arctic  ice  pack  and  car;  serve  as  a 
geographically-moving  array  of  bridges  between 
undersea  operations  and  airborne  and  satellite 
operations.  In  order  tc  utilize  them,  their 
position  must  be  known  and  a  first  step  would 
be  a  systematic  search  followed  by  tagging  them 
with  automatic  stations. 


6.  CONCLUSIONS 

New  ice  islands  have  been  created  over  the  past 
several  decades  on  a  sporadic  but  freauent 
basis  by  calving  from  the  ice  shelves  of 
Ellesmere  Island.  The  trajectories  of  islands 
are  dominated  initially  by  the  winds  and  the 
relatively  closed  pack  ice  conditions  near  the 
coastline  of  the  Canadian  Arctic  Archipelago, 
but  the  islands  eventually  enter  the  Beaufort 
Gyre  arid  may  circulate  in  it  for  several 


Figure  3.  Ice  Island  Trajectory  and  Geostrophic  Wind. 
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decades  before  finally  exiting  the  Arctic 
through  the  Fram  Strait.  A  research  program  is 
described  which  is  designed  to  yield  the 
interaction  probability  between  an  offshore 
petroleum  production  structure  and  an  ice  island 
in  the  Beaufort  Sea.  Possible  uses  of  ice 
islands  in  support  of  Arctic  naval  operations 
include  permanent  bases  for  communication, 
command,  and  control  functions,  as  well  as 
research  and  emergency  logistics  support. 
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ABSTRACT 

Experience  in  AJDJEX,  Fram,  MIZEX,  CANBARX,  etc.  has 
demonstrated  the  importance  of  pre-exercise  planning  and 
preparation  to  the  success  of  Arctic  research  field 
programs.  Early  analysis  of  exercise  requirements  and 
objectives  must  include  a  systematic  study  of  logistic 
support  factors  to  determine  critical  constraints  on  field 
operations.  Several  logistics-related  factors  are  most 
important  in  exercise  planning  and  camp  siting.  These 
factors  include  considerations  of  bases;  aircraft;  type  of 
mission;  weather  and  ice  conditions;  navigational  aids  and 
location;  shelter,  heat,  food,  and  power;  communications; 
safety,  rescue  and  survival;  and  cost  and  weight.  Analysis 
of  some  of  these  factors  and  their  importance  in  the 
planning  and  preparation  of  A1WEX  will  be  discussed  and 
certain  post  operations  conclusions  drawn. 


1.  INTRODUCTION 

The  Arctic  Internal  Wave  Experiment  (AIWEX)  was  carried 
out  north  of  Prudhoe  Bay,  Alaska  during  the  months  of 
March  and  April  1985.  The  22-25  man  camp  supported 
approximately  800  science  man-days  during  the  57-day  life 
of  the  station.  The  project  enjoyed  exceptionally  good 
weather  (not  enough  storms  for  some  of  the  investigators) 
and  was  spared  the  disruptive  consequences  of  ice 
breakups.  The  project  was  supported  throughout  by  a 
helicopter  and  a  Twin  Otter  from  ERA  Helicopters,  Inc.  A 
Bradley  of  Canada  Twin  Otter  on  skis  and  a  MarkAir  L-100 
Hercules  were  utilized  during  deployment. 

2.  OBJECTIVE 

The  mission  was  an  internal  wave  experiment  to  be  carried 
out  in  the  Beaufort  Sea  during  the  spring  of  1985.  The 
primary  objective  was  the  investigation  of  the  internal 
wave  field  with  a  requirement  for  deep  water  and  a  five  to 
six  week  measurement  period. 

3.  PLANNING 

The  planning  and  preparation  of  AIWEX  were  based  on 
experience  gained  in  similar  previous  projects. 
Established  and  to  a  large  degree  proven 
logistics/scenarios  from  AIDJEX,  Fram,  MIZEX,  CANBARX, 
etc.  were  reviewed  and  adapted  to  the  AIWEX  needs. 

Geographic  Location 

Location  is  dictated  by  scientific  needs  (in  this  case  deep 
water)  and  logistical  constraints  which,  aside  from  cost. 


are  imposed  primarily  by  range/payload  limitations  of 
support  aircraft  and  time  available  to  carry  out  the 
experiment.  In  selecting  a  staging  base,  Prudhoe  Bay  was 
the  obvious  choice  over  Barrow  and  Barter  Island.  The 
distance  to  deep  water  is  the  shortest,  it  has  frequent 
commercial  flight  connections  with  Seattle  and  is 
accessible  by  truck  year-around,  which  provides 
substantial  savings  with  respect  to  freight  costs.  Also, 
various  types  of  aircraft  are  available  for  casual  charter 
which  would  save  time  and  costly  positioning  from 
Fairbanks  or  Anchorage  if  unscheduled  support  were  to  be 
required. 

Medical  facilities  and  a  rich  assortment  of  services  and 
supplies  are  available  through  the  many  contractors 
supporting  the  oil  industry. 

The  target  area  for  camp  deployment  was  therefore  put 
250-300  NM  northeast  of  Prudhoe  Bay.  The  northeast 
starting  point  of  the  camp  would  keep  us  within  reach  of 
Canadian  support  resources  at  Tuktoyaktuk  and  assuming 
normal  ice  drift  would  preclude  us  from  moving  into 
shallow  waters  or  out  of  aircraft  range  from  Prudhoe 
during  the  life  of  the  project. 

Timing 

The  spring  months  are  the  best  time  of  the  year  to  operate 
this  type  of  ice  station.  The  weather  is  generally  good,  the 
surface  is  cold  and  firm  and  is  optimal  for  aircraft 
operations. 

The  length  of  this  season  is  somewhat  dependent  upon 
latitude,  but  is  generally  eight  to  ten  weeks  long,  starting 
in  early  March  with  the  return  of  sunlight,  and  ending  in 
the  first  part  of  May  with  the  onset  of  summer  melt  and 
the  associated  deteriorating  flying  conditions.  Factors 
that  speak  against  a  longer  season  are  cost  related:  a 
small  and  dedicated  support  crew  will  perform  effectively 
for  eight  to  ten  weeks  after  which  "burn  out"  symptoms 
start  appearing.  In  a  longer  duration  project  one  should 
either  lower  the  work  load  by  adding  personnel  or  provide 
for  crew  rotation.  In  an  extended  season  the  extreme 
working  conditions  and  shorter  working  day  associated  at 
the  start  and  the  deteriorating  flying  conditions  at  the  end 
will  significantly  reduce  the  efficiency  of  the  operation  and 
jeopardize  the  evacuation  of  equipment. 

The  AIWEX  camp  was  planned  to  be  a  nine  week  field 
season;  March  2  to  May  8. 

Camp  Size 

The  cost  of  establishing  a  research  base  is  obviously  not 
directly  proportional  to  the  number  of  supported 
investigators.  It  is  more  like  a  step  function.  The  primary 


scientific  objectives  will  dictate  the  minimum  number  of 
people  in  the  camp  and  the  type  of  facilities  and  support 
resources  required.  Once  the  number  of  researchers 
reaches  a  certain  threshold,  i.e.,  10-12,  the  camp  is  going 
to  need  a  dedicated  support  staff,  comprised  of  a  manager, 
a  cook  arid  a  helper.  Experience  has  shown  that  such  a 
staff  when  composed  of  dedicated,  versatile  and  skilled 
personnel  can  support  a  camp  of  up  to  20-25  people.  This 
assumes  occasional  help  from  the  researchers, 
particularly  during  setup  and  breakdown.  Therefore 
complimentary  projects  were  added  to  bring  the  camp  up 
to  24  people.  Such  a  camp  can  be  set  up  in  approximately 
two  weeks  and  disestablished  in  a  short  week,  leaving  five 
to  six  weeks  for  scientific  sampling.  A  large  camp  would 
unfavorably  alter  this  ratio. 


Aircraft 


Helicopter :  Some  of  the  scientific  projects  required 
helicopter  support  and  in  an  effort  to  come  up  with  the 
smallest  (cost  and  fuel  efficiency)  aircraft  that  would  fit 
our  requirements,  the  Bell-212,  Bell-205,  Bell-206,  A-Star, 
Allouette  III  and  the  MBB-105  were  considered.  The  MBB- 
105,  a  relative  newcomer  to  the  Arctic,  was  selected.  It  is 
slightly  larger  compared  to  the  Jet  Ranger  (Bell-206)  with 
substantially  larger  cargo  hold  and  more  convenient  in 
loading/offloading. 

Small  Fixed  Wing:  Such  an  aircraft  was  needed  for  the 
search  and  initial  deployment  of  the  camp,  routine  supply 
flights,  and  evacuation.  Different  aircraft  and 
combinations  of  aircraft  were  reviewed.  Availability  and 
favorable  past  experience  steered  us  to  the  Twin  Otter  in  a 
wheel/ski  configuration.  It  turned  out  that  skis  are  not 
readily  available  in  Alaska,  neither  are  pilots  with 
experience  in  reading  ice  and  doing  open  field  landings  on 
virgin  ice.  For  the  search  and  initial  landings  we 
considered  this  to  be  essential.  Once  a  site  had  been 
selected  and  a  runway  maintenance  and  survey  capability 
existed  on  the  ground,  use  .of  a  Twin  Otter  on  oversized 
tires  seemed  possible.  For  the  search  and  initial 
deployment  we  reviewed  different  scenarios  from  small 
ski-equipped  airplanes  to  a  combination  of  helicopter  and 
fixed  wing  aircraft  deployed  using  an  en  route  fuel  cache. 
These  scenarious  were  all  judged  too  time  consuming  or 
prone  to  mixups.  The  solution  was  to  use  a  long  range  Twin 
Otter  on  wheel/skis  with  an  experienced  ice  pilot  from 
Tuktoyaktuk  for  the  search  and  initial  landing  and  then 
charter  a  Twin  Otter  on  oversized  tires  from  Prudhoe  Bay 
to  provide  the  subsequent  support. 

Heavy  Airlift :  The  camp  weight  was  estimated  at  222,000- 
250,000  lbs.  and  in  the  interest  of  a  fast  and  expedient 
deployment  the  Hercules  was  selected  for  the  heavy  airlift 
(5-6  loads).  This  meant  we  needed  a  runway  of  minimum 
4,000’  length  and  50”  thickness  with  drifts  and  snow  depth 
within  acceptable  limits.  With  a  twin-track  skidoo  as  the 
only  motorized  means  of  performing  runway  improvement 
we  were  very  much  dependent  upon  finding  a  natural  strip. 
Although  during  AIDJEX  and  CANBARX  we  had  found  such 
ice  in  the  Beaufort,  we  needed  an  alternative  capability,  in 
case  such  a  site  could  not  be  found  in  our  target  area  or 
broke  up  during  deployment.  Twrin  Otters  would  be  too 
slow  and  costly  for  the  job  so  a  DeHaviland  Dash-7  was  put 
on  contract  as  the  primary  backup  with  the  C46  as  an 
alternative.  Both  aircraft  are  in  the  50,000  lbs.  maximum 
T.O.W.  class  requiring  a  little  more  than  half  the  ice 
length/thickness  of  the  Hercules,  but  doubling  the  cost 
and  tripling  the  number  of  loads  needed. 


Equipment 

The  living/working  quarters  were  Manigan  and  Weatherport 
structures  which  we  had  available  and  had  gained 
favorable  experience  with  in  the  Fram  programs. 
Typically,  they  are  8-16  feet  in  width  and  10-30  feet  long. 
With  the  availability  of  the  Hercules  and  in  the  interest  of 
expediting  the  erection  of  the  shelters  we  planned  to 
prefabricate  B‘xl6’  floor  sections  at  Prudhoe  Bay. 

Power  was  provided  by  a  series  of  diesel  generators 
ranging  in  size  from  3  to  12  kw.  The  12  kw  at 
approximately  900  lbs.  is  as  big  a  unit  as  one  would  want  to 
move  around  by  manual  means. 

Runway  maintenance  was  performed  by  a  twin-track 
Skidoo  Alpine  pulling  a  5’  drag  which  cut  and  leveled  the 
packed  snowdrifts.  For  marking  the  runway  and  centerline 
extensions  we  used  flags  and  empty  fuel  drums  as  they 
became  available. 

Communication/navigation  was  by  standard  and 
established  means.  The  exceptions  were  an  x-band  radar 
which  was  used  to  accurately  guide  the  helicopter  to 
specific  targets  up  to  50  miles  from  camp,  and  a 
microcomputer  at  Prudhoe  Bay  used  for  electronic  mail 
(telemail)  message  traffic  and  for  accessing  Service  Argos. 

Safety 

Again,  established  procedures  were  followed  with 
recommendation  for  medical/dental  checkups  prior  to 
going  to  the  field.  Appropriate  clothing  was  discussed  and 
suggested.  The  medical  establishments  at  Pr  uanoe  Bay 
and  the  Search  and  Rescue  Center  at  Barrow  were  notified 
of  the  project. 

Budget 

This  nine-week  camp  with  approximately  19  investigators, 
3  support  people,  and  2  helicopter  crews  was  budgeted  at 
approximately  $800,000.  The  cost  was  comprised 
primarily  of  air  support,  fuel,  supplies,  salaries,  travel  and 
per  diem,  equipment  and  shipping  costs.  The  science  to 
support  man-day  ratio  computes  to  approximately  3:1  with 
a  cost  per  science  man-day  of  approximately  $1,000. 


4.  EXECUTION 

The  project  followed  closely  the  plans  and  schedules  laid 
out  in  the  operations  plan.  The  Bradley  Twin  Otter  from 
Tuktoyaktuk  started  the  search  on  March  3;  delayed  one 
day  by  bad  weather.  Following  three  more  sorties  from 
Tuktoyaktuk  a  large  part  of  our  target  area  had  been 
surveyed  and  several  possible  sites  had  been  spotted.  On 
March  8  the  ERA  Twin  Otter  from  Prudhoe  with  project 
personnel,  embryo  camp  and  the  Hercules  check  pilot 
rendezvoused  with  the  Bradley  aircraft  for  final  site 
evaluation.  By  evening,  the  camp  was  pitched  on  first-year 
ice  (6-7  feet)  adjacent  to  a  4,500’ /72”  lead.  The  check 
pilot  requested  some  leveling/snow  removal  on  the 
runway. 

Three  days  later,  seven  people  were  in  residence  and  the 
runway  ready  for  final  inspection.  The  check  pilot  gave  the 
green  light  and  the  Hercules  on  standby  at  Prudhoe 
brought  out  the  first  load.  The  heavily  laden  aircraft 
(44,000  lbs.)  pushed  through  the  snow  cover  all  the  way  to 
the  ice  and  uncovered  snow  depths  in  places  reaching  10”- 
12”.  This  posed  a  potential  hazard  to  the  nose  gear  door, 
which  might  have  been  caught  in  the  hard-packed  snow, 
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started  plowing  and  been  torn  off.  Further  flights  were 
suspended.  Two  remedies  were  pursued.  One  was  to  take 
the  nose  gear  door  off,  which  the  company  considered  too 
time  consuming  and  expensive.  The  other  was  to  bring  out 
a  966  loader  with  a  bucket  and  remove  the  snow.  This 
seemed  too  risky  and  expensive  if  the  runway  were  to 
break  up  and  the  vehicle  had  to  be  abandoned.  The  airlift 
was  resumed  two  days  later  when  the  pilot  agreed  to  try  it 
again  with  a  lighter  load  (25,000  lbs.).  On  landing,  this 
time  from  the  opposite  end,  a  curb-sized  ridge  was 
uncovered  by  the  landing  aircraft.  This  reduced  the 
runway  by  1/3.  While  on  the  ground,  the  aircraft  taxied 
several  times  up  and  down  the  runway,  breaking  up  the 
hard-packed  snow,  making  possible  further  leveling  and 
grooming  by  the  skidoo  pulled  drag.  Despite  the  reduced 
runway  length,  four  more  loads  brought  out  the  remaining 
140,000  lbs.  of  cargo.  By  March  20  the  camp  was 
operational  with  several  projects  installed  and  collecting 
data. 

Three  to  five  times  per  week  the  project  Twin  Otter  made 
regular  service  flights  to  the  station,  bringing  out  supplies, 
parts  and  rotating  short  term  projects  and  personnel. 

Although  the  runway  remained  intact,  there  was  no  need  to 
use  the  Hercules  for  evacuation.  A  gradual  phase-down  of 
projects  started  April  25  and  with  the  Twin  Otter  making 
two  trips  a  day,  a  convenient  and  orderly  evacuation  was 
completed  on  May  4. 

Only  one  good  storm  and  no  ice  activities  spared  the 
personnel  the  otherwise  frequently  common  chores  of 
digging  out  or  relocating.  The  project  was  also  spared  any 
medical  emergencies.  Aside  from  a  few  temporarily 
striking  backs  and  some  rope  burned  hands  we 
experienced  no  serious  injuries,  Polar  Bears,  or  personnel 
falling  into  leads. 

5.  POST  OPERATIONS  REFLECTIONS 


Search 


Satellite  photos  were  found  to  be  of  limited  value  in 
assessing  the  ice  condition.  When  the  Twin  Otter  spends 
60-70%  of  the  available  fuel  getting  to  and  from  the  search 
area,  there  is  "looking  fuel"  left  to  cover  only  a  small  area 
on  each  mission.  It  might  prove  expedient  to  start  out 
covering  large  areas  in  a  fast  flying  scouting  aircraft  to 
define  the  areas  for  more  detailed  examination  by  the  Twin 
Otter  search  craft. 


or  Tuktoyaktuk.  Although,  in  this  case,  the  temporary  lack 
of  communications  did  not  adversely  affect  the  project,  a 
more  reliable  link  via  satellite  would  be  a  welcome  added 
assurance  of  success  and  safety. 


Navigation 


The  radar  installation  in  camp  with  an  x-band  transponder 
on  the  helicopter  proved  very  successful.  The  antenna  was 
mounted  on  a  40’  telescoping  mast  and  allowed  accurate 
and  efficient  guiding  of  the  helicopter  tc  predetermined 
survey  points  up  to  50  miles  from  camp. 

Hydroholes 


A  large  number  of  36”  diameter  holes  were  required  for 
instrument  deployment.  They  were  cut  using  the 
University  of  Washington/Applied  Physics  Laboratory's  hot 
water  corer.  (The  system  worked  generally  very  well.  It  is 
however,  sensitive  to  improper  timing,  which  leads  to  the 
recirculating  melt  water  freezing  in  the  hoses.  Ocean 
Systems,  Inc.  has  developed  and  demonstrated  a  closed 
system  melter  of  similar  but  smaller  and  lighter  design.  It 
uses  antifreeze  as  the  heat  carrying  medium,  has 
approximately  the  same  melting  rate,  and  appears  very 
attractive.) 


Cargo  Handling 


Aside  from  the  fuel,  most  camp  equipment  and  scientific 
cargo  was  accumulated  in  Seattle  and  piece-by-piece 
loaded  into  four  27’  trailer  containers.  At  Prudhoe  Bay  it 
was  downloaded  and  loaded  back  on  the  Hercules,  some  of 
it  after  first  having  been  palletized  on  military  C-130 
pallets  or  a  long  Hercules  skid.  In  the  field,  individual 
pieces  were  manually  offloaded.  The  pallets  and  skids  were 
winched/pushed  off  the  aircraft  and  downloaded,  so  the 
platforms  could  be  backhauled  to  Prudhoe.  A  blow  before 
the  cargo  has  been  secured  would  result  in  searching, 
digging  and  handling  boxes  an  additional  time.  To  avoid 
having  to  manipulate  the  cargo  this  many  times,  some 
thought  should  be  given  to  a  larger  size  shipping  unit  that 
fits  into  the  Hercules.  Some  type  of  expendable 
prefabricated  plywood  module,  maybe  B’xlO’x?'  high,  on  a 
4'x6’  skid  could  be  packed  in  Seattle,  trailered  to  Prudhoe, 
and  put  directly  on  the  Hercules.  At  the  camp  these 
modules  would  keep  the  cargo  together  and  protected 
until  it  is  ready  to  be  used.  Once  the  modules  are  emptied 
they  would  serve  nicely  as  labs,  T-houses,  warm  storage 
sheds,  etc.,  and  might  either  be  dragged  or  helicopter- 
lifted  to  a  suitable  place  of  use. 


In  order  to  take  on  maximum  fuel  only  the  pilot  and  co¬ 
pilot  flew  as  observers.  On  such  long  flights  (8-9  hours) 
additional  eyeballs  are  needed  to  effectively  survey  the  ice, 
even  if  it  has  to  be  at  the  expense  of  flight  endurance. 

Personnel 


A  three-man  support  crew  (manager,  helper  and  cook) 
turned  out  to  be  marginally  adequate.  This  was  to  some 
degree  caused  by  the  camp  manager’s  extensive 
commitment  to  helicopter  flight  following  over  radio  and 
radar.  Under  the  circumstances  we  found  it  necessary  to 
augment  the  staff  by  one  general  hand/cook's  helper. 

Communications 


Two  periods  of  radio  blackout  of  three  and  five  days 
duration  reminded  us  of  the  limitations  in  HF 
communications.  The  associated  problems  were  to  some 
extent  overcome  by  relaying  via  overflying  transpolar 
commercial  jets  or  via  Canadian  shore  stations  in  Resolute 


Runway 


The  substantial  effort  expended  on  runway  preparation  was 
to  a  large  extend  wasted.  The  lightweight  skidoo/drag  will 
do  a  nice  surface  job  for  a  Twin  Otter  size  aircraft  that 
rides  on  top  of  the  general  snow  cover.  Aside  from  taking 
out  or  airdropping  heavy  duty  snow  removal  and  grading 
equipment,  my  feeling  is  that  following  an  inspection  the 
C-130  should  come  out  on  the  first  flight  basically  empty 
and  spend  time  taxiing  up  and  down  the  runway  to  break 
up  the  snow.  It  might  have  on  board  a  small  size  tracked 
vehicle  with  a  suitable  drag  that  if  need  be  can  be  deployed 
to  redistribute  the  broken  up  snow.  Such  a  vehicle  could, 
depending  upon  the  circumstances,  go  back  out  on  the 
subsequent  or  last  load.  This  first  flight  should  take  place 
as  early  as  possibLe  before  too  much  equipment  has  been 
deployed  and  installed.  This  would  minimize  the  impact  if 
the  Hercules  during  taxiing  exposes  surprises  that  make 
the  site  unacceptable. 
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ABSTRACT 

An  overview  of  Service  Argos  is  discussed  including  user  respon¬ 
sibilities,  data  handling,  distribution,  and  security.  A  case  is  made  for 
optimum  distribution  of  meteorological  and  oceanographic  data  to 
operational  forecast  centers  via  the  Global  Telecommunication  System 
(GTS),  and  use  of  the  DRIBU/Argos  uplink  code  is  discussed.  Drifting 
buoy  logistics  is  addressed.  The  need  for  planned  procurements,  ship¬ 
ping,  handling,  buoy  checkout,  data  quality  control,  deployment ,  and 
coordination  between  participants  to  optimize  the  most  cost-effective 
use  of  deployment  resources  is  presented  in  detail.  National  Data  Buoy 
Center  (NDBC)  activities  supporting  global  field  experiments  using 
drifting  buoys  are  highlighted.  Aerial  deployment  of  drifting  buoys  is 
reviewed. 


1.0  INTRODUCTION 

Environmental  data  acquisition  from  remote  areas  of  the  globe  is 
simplified  through  the  use  of  satellite  telemetry.  Service  Argos,  in 
operation  since  the  First  GARP  Global  Experiment  (FGGE)1  in  1978 
and  1979  has  proven  this  concept.  Large-scale  global  experiments, 
such  as  the  Tropical  Ocean  Global  Atmosphere  (TOGA)  project  and 
the  World  Ocean  Circulation  Experiment  (WOCE),  will  make  extensive 
use  of  this  service  through  the  mid-1990's.  Efforts  put  forth  for  FGGE 
and  TOGA  have  resulted  in  considerable  experience  in  the  operation 
of  large-scale  data  acquisition  programs.  Coordination  among  partici¬ 
pants  is  of  paramount  importance  for  acquiring  the  maximum  return 
from  monies  expended.  This  covers  the  spectrum  ranging  from  pro¬ 
grammatic  and  hardware  design  to  the  deployment  of  sensors. 
Automated,  air-deployable  devices  such  as  drifting  buoys  utilizing 
satellite  telemetry,  are  particularly  beneficial  for  application  in  remote 
areas. 


2.0  SERVICE  ARGOS 

Service  Argos  is  the  result  of  a  cooperative  venture  between  NASA, 
NOAA,  and  CNES  (Centre  National  d’Etudes  Spatiales)  and  is  located 
at  the  CNES  Space  Center  in  Toulouse,  France.  The  Argos  system  is 
primarily  intended  for  applications  concerned  with  environmental  data 
collection  through  satellite  telemetry.  The  system  offers  sensor  data 
collection  and  platform  location  of  fixed  or  moving  platforms  located 
anywhere  on  the  earth’s  surface. 

The  system  is  comprised  of  three  major  elements  consisting  of: 

•  Two  polar-orbiting  satellites,  each  carrying  a  Data  Collection 
and  Platform  Location  System  (DCPLS) 

•  A  user  platform  equipped  with  environmental  sensors  and  a 
Platform  Transmitter  Terminal  (PTT)  for  telemetry 

•  Ground-based  data  processing  centers  (Toulouse  and  one  pro¬ 
grammed  for  the  U.S.  in  1987). 

The  two  polar-orbiting  satellites  carrying  the  Argos  DCPLS  are  the 
NOAA/TIROS-N  series  satellites.  These  satellites  have  a  sun- 
synchronous,  circular  orbit  configuration  (Figure  1)  and  are  at  an 
altitude  of  approximately  830  to  870  km  above  the  earth.  The  satellites 
have  an  inclination  of  98  degrees,  and  during  each  orbit  fly  over  both 
the  North  and  South  poles,  The  orbital  period  for  each  satellite  is  ap¬ 
proximately  101  minutes,  with  each  satellite  crossing  the  poles  at  an 
interval  of  about  45  minutes. 


The  sun-synchronous  orbit  of  the  satellites  results  in  each  satellite 
crossing  the  equator  at  the  same  local  solar  time  each  day.  Satellite 
l  crossing  the  equator  at  0230  hours  (descending)  and  1430  hours 
(ascending),  while  Satellite  II  crosses  the  equator  at  0730  hours  and 
1930  hours.  This  is  important  from  the  user’s  viewpoint  since  data 
telemetered  from  any  platform  on  the  earth’s  surface  will  be  received 
at  about  the  same  solar  time  every  day,  but  that  time  will  vary  as  a 
function  of  geographical  position.  The  number  of  satellite  passes  or 
“windows”  increases  with  latitude  to  a  maximum  at  the  poles.  Table 
1  illustrates  the  number  of  passes  per  day  per  latitude  and  the 
cumulative  time  of  the  windows  for  the  two  satellites.  As  the  satellites 
pass  over  a  fixed  point  on  the  earth's  surface  its  footprint,  or  win¬ 
dow,  covers  a  circle  approximately  5000  km  in  diameter.  Figure  2 
depicts  tracks  of  the  two  satellites  and  the  footprints  for  the  satellites 
passing  over  the  Mediterranean  and  Caribbean  Seas.  At  any  one  time 
the  Argos  DCPLS  aboard  the  satellite  can  acquire  and  nominally  pro¬ 
cess  920  data-collection-only  PTT's  (fixed  location)  and  230  platform- 
location-plus-data-collection  PTT’s  (variable  location)  in  the  footprint 
of  the  satellite  The  user  platform  (buoy,  ship,  etc.)  is  equipped  with 
a  PTT.  This  device  provides  the  required  uplink  communication  to  the 
satellite  DCPLS.  All  PTT’s  transmit  at  a  frequency  of  40i.b5  MHz  at 
regular  intervals  of  40  to  60  seconds. 

It  has  been  said  that  the  polar-orbiting  satellites  do  not  provide  ade¬ 
quate  synoptic  coverage.  In  weather  forecasting  terms,  this  means 
that  data  are  not  available  at  the  standard  synoptic  hours  of  00,  06, 
12,  and  18  hours  Universal  Mean  Time  (UMT).  This  may  be  the  case 
for  certain  hours  at  the  equator  but  in  the  mid-latitudes  to  the  poles 
there  is  adequate  coverage  to  meet  the  synoptic  criteria.  Figure  3 
depicts  actual  data  transmission  time  and  satellite  overpasses  for  a 
platform  located  near  35°N  and  60°W. 
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Figure  1.  Satellite  Orbit  Configuration 
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Table  1.  Approximate  Satellite  Visibility,  as  a  Function  of  Latitude,  for 
a  24-Hour  Period 


CUMULATIVE 

NUMBER  OF  PASSES 

LATITUDE 

VISIBILITY 

IN  24  HOURS 

MEAN  PASS 

TIME  OVER 

24  HOURS 

DURATION 

MS** 

MAX.” 

±  0° 

80  MIN. 

6 

7 

8 

±15° 

88  MIN 

8 

8 

9 

±30° 

100  MIN 

8 

9 

12 

±45° 

128  MIN. 

10 

11 

12 

10  MIN 

±55° 

170  MIN. 

16 

16 

18 

±65° 

246  MIN 

21 

22 

23 

±75° 

322  MIN. 

28 

28 

28 

±90° 

384  MIN. 

28 

28 

28 

Figure  2.  Satellite  Visibility  Zones 

The  delay  in  data  reception  at  the  operational  forecast  centers 
results  from  several  factors.  An  inherent  time  delay  due  to  the  satellite 
orbital  period  ranging  from  0  to  100  minutes  will  remain.  Other  time 
delays  that  are  additions  to  the  basic  orbital  period  are  the  result  of 
processing  and  relay  times  incurred  when  data  are  acquired  through 
the  main  data  acquisition  stations  at  Gilmore  Creek.  Alaska,  Wallops 
Island,  Virginia;  and  Lanion,  France.  Table  2  summarizes  the  data 
delay  times  incurred  at  each  center 

The  use  of  a  Local  User  Terminal  (LUT)  eliminates  all  time  delays, 
except  for  that  incurred  as  a  result  of  the  orbital  period  of  the 
satellites.  An  LUT  is  a  small,  portable,  microprocessor-based  receiver 
capable  of  receiving  transmissions  from  the  polar-orbiting  satellite’s 
VHF  downlink  beacon  at  176.77  and  177.77  MHz.  The  restriction  on 
the  use  of  an  LUT  is  that  these  systems  are  regional  in  data  coverage 
and  operate  on  a  line-of-sight  basis  between  the  PTT  and  satellite. 
This  means  that  the  LUT  and  PTT  must  be  within  the  footprint  of  the 
satellite  in  order  to  acquire  data.  This  footprint  covers  a  circle  with 
a  diameter  of  approximately  5000  km  (Figure  2). 

Argos  has  the  capability  to  earth-iocate  these  platforms  with  a  high 
degree  of  accuracy  (normally  within  500  meters).2  Position-fixing  of 
the  earth-based  PTT’s  is  accomplished  by  measuring  the  Doppler  ef¬ 
fect  on  the  carrier  frequency  of  incoming  messages  received  by  the 
satellite.  Each  measurement  made  by  the  satellite  corresponds  to  a 
field  of  possible  positions  for  the  PTT  in  question.  This  field  takes  the 
form  of  a  cone,  with  the  satellite  at  the  apex  and  the  velocity  vector 
as  the  axis  of  symmetry.  The  satellite  altitude  is  known,  and  the  in¬ 
tersection  of  several  of  these  cones  (each  corresponding  to  a  separate 
PTT  transmission/measurement)  with  the  altitude  sphere  yields  the 
solution  of  the  PTT’s  position  relative  to  the  satellite  (Figure  4). 


TME  (GMT) 


Figure  3.  Time  and  Number  of  Messages  Received  by  the  NOAA  Polar- 
Orbiting  Satellites 


Each  message  transmitted  through  the  PTT  includes  the  platform 
identification  number  and  32,  8-bit  words  of  sensor  information.  In 
the  simplest  form  this  allows  the  transmission  of  up  to  32  unique  sen¬ 
sor  values  per  transmission.  By  alternating  inputs  to  the  PTT,  as  many 
as  96  unique  sensor  readouts  can  be  transmitted  in  three  successive 
transmissions.  Sensor  processing  and  data  collection  on  board  the 
user’s  platform  is  microprocessor-controlled.  This  provides  con¬ 
siderable  flexibility  and  allows  optimum  data  telemetry  to  the  satellite 
by  maximizing  processing  of  sensor  readouts  aboard  the  user  plat¬ 
form.  Table  3  illustrates  an  involved  uplink  format  to  Service  Argos. 
In  this  case,  up  to  4  hours  of  30-minute-averaged  data  from  eight  dif¬ 
ferent  sensors  can  be  telemetered.  Although  these  unique  and 
imaginative  formats  can  be  used  to  transmit  a  maximum  of  data  for 
a  specific  user,  they  preclude  optimum  distribution  to  other  potential 
users  of  the  data 

As  a  consequence,  the  World  Meteorological  Organization  (WMO) 
and  Service  Argos  are  encouraging,  when  possible,  the  routing  of  plat¬ 
form  data  to  the  global  community.  Data  can  be  relayed  to  users  in 
one  of  several  WMO  code  formats,  including  DRIBU,  HYDRO,  SYNOP, 
and  SHIP.3  In  order  to  route  data  in  a  WMO-approved  code,  users 
must  uplink  their  data  to  Service  Argos  in  a  rigid  format.  This  is 
necessary  since  the  existing  Argos  data  processing  center  is  not 
capable  of  handling  variable  field  transmissions.  However,  even  with 
this  restriction,  a  tremendous  amount  of  usable  environmental  data 
can  be  acquired  and  disseminated.  Table  4  illustrates  the  existing  Ser¬ 
vice  Argos  uplink  format  specified  for  GTS  distribution.  Transmissions 
received  by  Argos  in  this  format  can  thus  be  encoded  in  the  ap¬ 
propriate  code  described  in  WMO  Publication  No.  306,  "Manual  on 
Codes,"  and  routed  over  the  GTS  The  GTS  is,  in  turn,  monitored  by 


Table  2.  Breakdown  of  Interval  Between  Data  Collection  and 
Availability 


COMPONENT 

ORBITAL  INTERVAL 

0  TO  100 

TRANSMISSION  TO 
NESDIS 

:  ••• 

45 

TRANSMISSION  TO 
SERVICE  ARGOS 

3 

20 

PROCESSING  AT 
SERVICE  ARGOS 

40' 

TOTAL  INTERVAL 

MIN 

I 

1  H  45 

MAX. 

:  ' 

3  H  25 
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Figure  4.  Platform  Location 

every  major  environmental  data  collection  center  in  the  world,  in¬ 
cluding  NOAA’s  National  Meteorological  Center,  the  Navy’s  Fleet 
Numerical  Oceanography  Center,  and  the  Air  Force  Global  Weather 
Central. 


3.0  LOGISTICS  AND  OPERATIONS 

Regardless  of  the  efficiency  of  the  data  telemetry  system  used  to 
acquire,  process,  and  analyze  environmental  data  from  remote  areas, 
platforms  capable  of  sensing  the  environment  must  be  procured, 
calibrated,  and  delivered  to  regions  of  the  globe  that  are  not  easily 
accessible.  Experience  with  drifting  data  buoys  has  shown  that  the 
logistics  involved  to  deliver  the  platforms  into  remote  areas  can  over¬ 
whelm  the  cost  of  a  program,  especially  in  the  case  where  a  single 
organization  must  bear  the  brunt  of  hardware  cost  and  deployment 
assets. 


3.1  PROCUREMENT 

Procurement  of  hardware  and  deployment  assets  are  best  realized 
through  planned  phased  buys  of  large  numbers  of  standardized  plat¬ 
forms  or  buoys.  This  allows  manufacturers  to  bid  competitively  on  con¬ 
tracts  for  a  significant  volume  of  standard  products.  This  provides  cost 
reduction  in  the  long  term  through  the  establishment  of  assembly  line 
construction  and  subcontracts  for  premanufactured  components.  The 
problem  that  arises  is  when  the  research  community  uses  nonstan¬ 
dard,  highly  specialized  platforms  for  data  acquisition.  However,  for 
the  core  of  basic  measurements  required  to  support  both  operational 
and  postoperational  research,  the  planned  procurement  of  standard 
platforms  is  highly  desirable.  Sharing,  or  piggy-backing,  on 
deployments  by  several  scientific  investigators  or  organizations  greatly 
reduces  the  cost  per  unit  for  deployment  resources. 


3.2  DEPLOYMENT 

Two  methods  are  proven  and  are  cost-effective  for  transporting  plat¬ 
forms  to  remote  staging  areas  and  for  deployments  on  scene.  The  two 
methods  are  ships  and  aircraft. 

The  transportation  to  and  deployment  of  automated  environmental 
sensing  platforms  to  remote  areas  is  a  critical  factor  in  assessing  pro¬ 
gram  costs  and  can  overwhelm  costs  for  hardware  and  data  process¬ 
ing.  A  resource  that  is  free  is  by  far  the  best.  As  a  second  choice,  shar¬ 
ing  of  these  costs  by  the  participating  agencies  is  the  only  viable  solu¬ 
tion  The  common  denominator  is  the  cost  of  platform  per  unit  of  time. 
For  example,  C130  flying  time  is  typically  on  the  order  of  $2000  (U.S.) 
per  hour  and  covers  all  expenses  of  the  aircraft  and  crew.  This  time 
starts  at  the  departure  point  of  the  aircraft  and  ends  at  mission  com¬ 
pletion  and  includes  transit  time.  Oceanographic  survey  vessels  often 


run  $18,000  to  $20,000  (U.S.)  per  day  for  fuel,  and  availability  is  often 
limited  due  to  the  high  demand  for  these  vessels. 

Coordination  through  a  single  operational  organization  is  an  impor¬ 
tant  factor  in  minimizing  these  costs.  In  more  cases  than  not  oppor¬ 
tune  delivery  can  be  worked  out,  as  in  the  case  for  drifting  buoy 
deployments  in  the  Southern  Hemisphere.  To  effect  the  coordination 
an  organization  must  be  assigned  tasking  authority,  be  cognizant  of 
deployment  resources,  have  contacts  within  participating  agencies, 
and  know  sensor  system  delivery  schedules  as  well  as  when  and  where 
the  systems  are  to  be  deployed.  Piggy-backing  of  experiments  in  com¬ 
mon  areas  of  interest  can  reduce  overall  costs  since  one  mission,  con¬ 
ducting  a  variety  of  experiments,  often  yields  the  best  results  (e.g., 
activities  such  as  the  Space  Shuttle  and  oceanographic  surveys).  The 
major  concern  is  saturation,  but  effective  management  precludes  this 
possibility. 

Other  than  the  factors  involved  in  just  sending  a  sensor  package 
to  a  site  is  that  of  the  mechanism  of  deployment  or  setting  up  the 
observation  station.  Again  coordination  in  design  and  deployment 
technique  pays  off  since  a  dedicated  group  can  be  trained  for  this  task 
and  can,  in  time,  train  other  individuals.  As  an  example,  drifting  buoys 
utilize  the  same  basic  packaging  assembly,  system  checkout,  and 
deployment  hardware  for  both  ships  and  aircraft.  The  major  difference 
is  the  parachute  hardware  required  for  an  aerial  deployment.  An 
automated  common  delivery  system  greatly  simplifies  field  work  and 
ensures  successful  deployments.  Ships  are  actually  a  more  difficult 
resource  to  work  with  since  every  ship  has  different  arrangements 
of  deck  space,  priorities,  and  equipment.  This  is  true  even  for  vessels 
of  a  common  class.  Aircraft,  on  the  other  hand,  are  more  standardized. 
Delivery  from  0130  and  C141  aircraft  is  basically  the  same.  Restric¬ 
tions  on  these  resources  are  primarily  load  capacity,  range,  and  cost. 
In  the  Arctic  region,  most  areas  can  be  covered  by  C130  or  C141  air¬ 
craft.  Also,  in  many  Arctic  areas  other  aircraft  can  be  effectively  used 
for  smaller  payloads. 


3.3  SHIPS 

Ships  are  the  most  expensive  asset  when  used  for  dedicated 
deployments.  They  are  also  slow,  requiring  many  weeks  or  months 
to  deliver  platforms  into  remote  areas.  However,  for  transportation 
of  large  numbers  of  platforms  and  for  opportune  deployments,  they 
are  extremely  valuable.  In  this  regard,  they  are  the  most  cost-effective 
method.  Other  difficulties  that  arise  when  using  ships  are  the  wide 
variation  in  deck  configuration,  delivery  procedures  and  the  lack  of 
trained  personnel  to  assemble  and  deploy  the  platforms  on  scene,  re¬ 
quiring  technicians  to  assist  the  ship’s  crew  during  deployments. 

Deployments  from  ships  follow  no  basic  rule,  other  than  getting  the 
unit  safely  over  the  side  without  damaging  the  equipment  or  injuring 
personnel.  Ships  have  been  used  with  a  high  degree  of  success  for 
the  deployment  of  drifting  buoys.  Weather  is  the  most  critical  and  un¬ 
predictable  element  affecting  these  deployments.  Flexibility  in  site 
locations  ensures  ease  in  deployment,  thereby  allowing  ships  to  avoid 
hazardous  conditions  and  still  effect  the  deployment  in  a  minimum 
time  This  must  be  considered  when  tasking  resources,  and,  when 
possible,  deployments  should  be  tailored  to  the  ship’s  operating 
schedule.  From  ships,  buoys  are  usually  deployed  over  the  transom 
or  by  an  overhead  crane  or  davit.  Figures  5  and  6  illustrate  these  two 
operations.  Drifting  buoys  can  survive  a  free  fall  from  a  height  of  ap¬ 
proximately  15  to  20  meters  without  degradation  of  function.  Com¬ 
plete  instructions  for  deployments  from  ships  and  aircraft  are  con¬ 
tained  in  the  U.S.  TOGA  Logistics  Plan,4  published  by  the  National 
Data  Buoy  Center 


3.4  AIRCRAFT 

Aircraft  play  an  important  role  in  environmental  reconnaissance. 
A  variety  of  aircraft  types  and  classes  have  been  used  over  the  years 
for  oceanographic  and  geophysical  surveys,  weather  reconnaissance, 
and  logistics.5  They  are  a  mainstay  of  operations  in  Antarctica  and 
routinely  provide  data  in  support  of  hurricane  and  typhoon  forecasting. 
The  role  played  by  aircraft  in  the  deployment  of  drifting  data  buoys 
has  been  a  large  one,  beginning  with  deployments  from  C141's  dur¬ 
ing  FGGE  in  1978  and  1979.  Recent  developments  have  been  in  the 
form  of  operational  experiments  to  deploy  drifting  buoy  systems  in 
advance  of  mature  hurricanes.6  Also,  C130’s  and  light  aircraft  play 
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Table  3.  Hurricane  Drifting  Buoy  Data  Format  and  Transmission  Sequence 


NO.  OF 
BITS 

TYPE  SENSOR 

(30-MINUTE  AVERAGE  EACH  SENSOR) 

TRANSMISSION  (Tx)  SEQUENCE 

rKAMt 

NO. 

WUKU 

NO. 

Tx  NO.  1  AND  EACH  SUCCESSIVE 
ODD  Tx  (BIT  5  OF  WORD  2  =  0) 

Tx  NO.  2  AND  EACH  SUCCESSIVE 
EVEN  Tx  (BIT  5  OF  WORD  2  =  1) 

1 

10 

PB,  BAROMETRIC  PRESSURE 

1st  30  MINUTES  OF  DATA 

WITHIN  4-HOUR  INTERVAL 

5th 

30-MINUTE  INTERVAL 

1 

2 

5 

T0,  SEA  SURFACE  TEMPERATURE 

1 

ODD/EVEN  TRANSMISSION  INDICATOR 

3 

8 

WQt  WIND  GUST 

4 

8 

Ws,  WIND  SPEED 

5 

10 

Lo 

2* 

6 

6 

T60 

7 

8 

Loo 

8 

8 

"Loo 

9 

10 

p8 

2nd 

30-MiNUTE  INTERVAL 

6th 

30-MINUTE  INTERVAL 

3 

10 

6 

To 

11 

8 

WG 

12 

8 

Ws 

4 

13 

10 

"*"40 

14 

6 

T60 

15 

8 

Loo 

16 

8 

",200 

5 

17 

10 

pb 

3rd 

30-MINUTE  INTERVAL 

7th 

30-MINUTE  INTERVAL 

18 

6 

To  ■ 

19 

8 

wG 

20 

8 

ws 

6 

21 

10 

T40 

22 

6 

Lo 

23 

8 

Loo 

24 

8 

","200 

7 

25 

10 

PB 

4th 

30-MINUTE  INTERVAL 

8th 

30-MINUTE  INTERVAL 

26 

6 

To 

27 

8 

wG 

28 

8 

ws 

8 

29 

10 

"^40 

30 

6 

T60 

31 

8 

Loo 

32 

8 

Loo 

J _ 

*T4060  100200  “  Subsurface  temperature  sensors  located  at  40,  60,  100,  and  200  meters  below  sea  surface 
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a  major  role  in  the  deployment  of  ice  buoys  in  the  Arctic. 

Aircraft  are  an  inherently  flexible  resource  offering  speed,  standard 
delivery  procedures,  trained  deployment  personnel,  and,  in  some 
cases,  on-scene  readout  and  validation  of  sensor  operation  through 
comparison  with  baseline  data  acquired  on  board  the  aircraft.  For  drif¬ 
ting  buoys,  certification  by  the  U.S.  Air  Force  and  procedures  have 
been  developed  for  deployment  from  C130-  and  C141-type  aircraft 
(Figure  7).  Also,  smaller  buoys  can  be  air-dropped  from  the  paratroop 
and/or  exit  doors  on  just  about  any  type  of  aircraft.  Present 
developmental  activities  are  expected  to  result  in  an  expendable 
system  deployable  through  standard  sized  sonobuoy  launchers,  which 
will  greatly  simplify  logistical  and  deployment  operations. 

Procedures  for  deployment  of  buoys  and  other  payloads  from  air¬ 
craft  are  highly  technical  and  result  only  after  considerable  test  and 
evaluation.  Not  only  must  crew  safety  be  accounted  for,  but  the  flight 
characteristics  for  objects  deployed  must  be  evaluated.  For  Ice-  and 
FGGE-type  drifting  data  buoys  and  sonobuoy-type  hardware,  these 
evaluations  have  been  completed.  FGGE  provided  the  impetus  and 
funding  necessary  for  the  larger  buoys.  The  sonobuoy  delivery  system 
has  been  developed  and  approved  over  the  years  as  a  result  of  Navy 
operational  usage.  An  example  of  the  aerial  delivery  procedures  for 
C130-  and  C141-class  aircraft  is  contained  in  the  U.S.  TOGA  Logistics 
Plan.4 

The  use  of  aircraft  for  deployment  introduces  considerable  flexibility 
along  with  capability  to  store,  checkout,  prepare,  transport,  and  con¬ 
duct  delivery  operations  for  platforms  from  a  common  staging  area. 


Table  4.  Argos  GTS  Distribution  Uplink  Format 


NUMBER  OF  32-BIT  BLOCKS  TRANSMITTED  1  1  1  FROM  1  TO  8 


BLOCK 

NUMBER 

SENSORS 

n° 

NO.  OF 
BITS 

PHYSICAL  PARAMETERS  MEASURED 

1 

10 

ATMOSPHERIC  PRESSURE 

1 

2 

6 

HOUSEKEEPING 

3 

8 

SEA  SURFACE  TEMPERATURE 

4 

8 

AIR  TEMPERATURE 

5 

8 

PRESSURE  TENDENCY 

2 

6 

8 

WIND  SPEED 

7 

8 

WIND  DIRECTION 

8 

8 

SIGN  OF  PRESSURE  TENDENCY 
(  +  or  -) 

9 

8 

HOUSEKEEPING 

3 

10 

8 

HOUSEKEEPING 

11 

8 

HOUSEKEEPING 

12 

8 

HOUSEKEEPING 

13 

8 

USED  TO  DEFINE  CHARACTERISTICS 

4 

14 

8 

OF  SUBSURFACE  TEMPERATURE 

15 

8 

MEASURING  SYSTEM 

16 

8 

17 

8 

SUBSURFACE  TEMPERATURES  AT 

5 

18 

8 

THREE  DEPTHS  PLUS  ONE  EXTRA 

19 

8 

MEASUREMENT 

20 

8 

21 

8 

SUBSURFACE  TEMPERATURES  AT 

6 

22 

8 

THREE  DEPTHS  PLUS  ONE  EXTRA 

23 

8 

MEASUREMENT 

24 

8 

25 

8 

SUBSURFACE  TEMPERATURES  AT 

7 

26 

8 

THREE  DEPTHS  PLUS  ONE  EXTRA 

27 

8 

MEASUREMENT 

28 

8 

29 

8 

SUBSURFACE  TEMPERATURES  AT 

8 

30 

8 

THREE  DEPTHS  PLUS  ONE  EXTRA 

31 

8 

MEASUREMENT 

32 

8 

Figure  5.  Buoy  Being  Deployed  by  Overhead  Crane  or  Davit 


4.0  COORDINATION 

In  all  cases,  in  order  to  obtain  the  most  effective  use  of  the  available 
deployment  resources,  rigid  coordination  of  activities  and  close  com¬ 
mand  and  control  of  the  logistical  operation  from  a  single  source  is 
required.  This  type  of  mechanism  has  been  set  into  motion  by  NDBC 
to  effect  deployment  of  a  large  number  of  drifting  buoys  throughout 
the  Southern  Hemisphere.  Figure  8  depicts  the  status  of  the  drifting 
buoy  array  in  the  southern  oceans  as  of  May  1985  that  has  been 
established  to  support  the  TOGA  project.  All  of  the  buoys  were 
deployed  on  an  opportune  basis  utilizing  ships  from  several  countries. 
Prior  to  initiating  the  deployments,  memoranda  of  agreement  were 
negotiated  with  the  participating  countries.  Forward  staging  areas  for 
the  buoys  were  established  in  Australia,  New  Zealand,  South  Africa, 
and  the  United  Kingdom.  Buoys  are  delivered  to  staging  areas  by  com¬ 
mercial  surface  transport,  the  Military  Sealift  Command  (MSC)  and 
the  Military  Airlift  Command  (MAC).  In  essence,  the  entire  operation 
is  carried  out  at  minimal  cost  simply  as  a  result  of  coordination. 

A  similar  program  can  be  established  and  operated  in  the  Arctic 
regions  utilizing  assets  from  Canada  Norway,  and  the  U.S.  This  would 
ailow  maximum  distribution  of  sensing  platforms,  maximum  data  ac¬ 
quisition,  and  reduce  duplication  of  effort  and  funds  required  for 
logistics  and  hardware. 


5.0  QUALITY  CONTROL 

Quality  control  of  data  and  sensor  performance  using  Service  Argos 
is  non-existent  at  the  present  time,  other  than  for  positioning.  Data 
routed  over  the  GTS  are  not  quality  controlled  and  are  the  respon¬ 
sibility  of  the  principal  investigator  or  end  user.  This  is  unsatisfac¬ 
tory  for  operational  users,  and  a  mechanism  for  effective  quality  con¬ 
trol  of  data  is  needed.  NDBC  routinely  conducts  quality  control  of 
moored  buoys,  for  drifting  platforms  used  for  operational  support  to 
the  National  Weather  Service,  and  when  requested  by  customers. 


Figure  6.  Buoy  Being  Deployed  over  the  Ship’s  Transom 

No  effective  capability  is  in  place  to  scale  or  delete  bad  data  from 
the  message  traffic  routed  to  users  of  drifting  buoy  data.  However, 
NDBC  has  conducted  studies  in  this  regard,  and  the  feasibility  is  prov¬ 
en.3  Techniques  such  as  those  in  operation  for  moored  buoys  can  be 
applied  to  drifting  buoys.  In  general,  this  means  monitoring  an  infor¬ 
mation  data  base  at  one  of  the  primary  message  centers,  such  as  the 
National  Meteorological  Center.  Incoming  drifting  buoy  data  on  the 
GTS  can  be  quality  checked  using  automated  routines,  and  the 
message,  with  appropriate  adjustments,  can  be  restructured  and 
routed  to  U.S.  users. 

A  large  environmental  observing  program,  such  as  the  one  projected 
for  the  Arctic  regions,  must  have  an  effective  quality  control  plan  in 
place  in  order  to  maintain  user  confidence  in  the  data  routed,  and 
to  ensure  that  only  information  of  highest  quality  is  archived  for 
research  purposes. 


6.0  CONCLUSION 


^  ,  j 


Figure  7.  C130-  and  C141-Type  Aircraft 
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MAY  1985  GTS  SST  OBS.  FIXED  BUOY  ▲  (6182) 
DRIFT  BUOY  ■  (9053) 

Figure  8.  TOGA  Drifting  Buoy  Array 


Service  Argos  is  a  viable  system  to  acquire  and  telemeter  en¬ 
vironmental  data  for  operational  and  research  purposes.  At  the  pres¬ 
ent  time,  distribution  of  data  with  three  hours  or  greater  time  delay 
has  a  negative  impact  on  operational  analyses  and  forecasts.  However, 
Local  User  Terminals  (LUT’s)  provide  real-time  data.  In  the  Arctic, 
synopticity  is  not  a  problem  since  satellites  are  overhead  virtually 
every  hour.  This,  plus  an  LUT  capability  in  Canada,  is  very  attractive. 
Message  routing  through  the  GTS  and  from  Canada  to  users  in  the 
United  States  is  excellent  using  existing  communication  networks. 
Military  use  of  Argos  is  not  prohibited  in  the  agreement  with  the  U.S. 
so  long  as  data  collected  are  environmental  in  nature.  Provisions  are 
in  place  to  provide  protection  of  proprietary  rights  of  the  investigator, 
but  classification  in  the  sense  of  controlled  data  distribution  is  not 
guaranteed,  and  “protection"  simply  refers  to  withholding  data  from 
general  distribution.  Coodination  in  all  phases  relating  to  the  establish¬ 
ment  of  large  environmental  observing  systems  is  paramount  for  ef¬ 
fective  use  of  resources  ranging  from  program  management  to  system 
deployments  and  data  acquisition  and  distribution. 
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ABSTRACT 

The  physical  properties  of  ice  have  been  included 
in  a  model  of  an  ice  keel  to  predict  backscatter. 
Reflection  coefficients  for  a  high  frequency  (20 
kHz)  plane  wave  obliquely  incident  on  a  multi' 
layered  elastic  solid  (ice)  bounded  by  two  fluid 
half-spaces  (water)  have  been  calculated  and 
included  in  a  modified  Ellison  model  to  simulate 
backscatter  (target  strength)  from  an  ice  keel. 
The  ice  keel  face  is  assumed  to  be  composed  of 
many  randomly  oriented  blocks  of  multilayered  ice 
which  act  as  independent  scatterers.  Numerical 
examples  are  given  which  show  that  the  plane  wave 
reflection  coefficient  is  dependent  upon  the 
frequency,  the  number  of  ice  layers,  the  layer 
thickness,  the  compressional  and  shear 
attenuations,  and  the  presence  of  a  water-to-ice 
transition  layer.  The  reflection  coefficient  in 
turn  effects  the  target  strength  calculation.  It 
is  shown  that  the  magnitude  of  this  effect  is 
highly  dependent  upon  the  type  of  block  rotation 
used. 


1 .  INTRODUCTION 

The  Ellison  ice  keel  model  [1 ]  has  been  used  to 
study  the  effect  of  the  physical  properties  of  ice 
on  the  backscattered  signal  from  an  ice  keel.  The 
Ellison  model  was  first  modified  to  accept  a  plane 
wave  obliquely  incident  to  the  individual  ice 
blocks.  Then  two  different  types  of  block 
rotations  were  included  in  the  model.  The  physical 
properties  of  the  ice  were  included  in  the  model 
through  the  plane  wave  reflection  coefficient.  In 
Section  2  a  concise  description  of  the  Ellison 
model  and  the  modifications  made  to  it  are 
presented.  A  more  detailed  discussion  may  be  found 
in  the  cited  references.  In  Section  3  the  plane 
wave  reflection  coefficient  and  the  sound  velocity 
profile  for  the  layered  ice  model  are  discussed. 
Section  4  gives  the  results  when  this  layered  ice 
profile  is  included  in  the  modified  Ellison  ice 
keel  model. 

2.  THE  MODIFIED  ELLISON  KEEL  MODEL 

One  typical  ice  block,  of  the  many  blocks  which 
form  the  face  of  an  ice  keel,  is  shown  in  Fig.  1. 
Each  block  is  rotated  through  two  random  angles, 
one  away  from  the  vertical  reference  axis  (y-axis) 
and  the  other  away  from  the  horizontal  reference 
axis  (x-axis).  The  blocks  are  packed  along  the 


face  of  the  keel  and  constitute  the  surface  from 
which  the  incident  plane  wave  is  scattered. 

Fig.  2  shows  the  geometry  for  an  incident  plane 
wave  upon  the  surface  of  one  of  the  blocks.  The 
Ellison  model  [1,2]  assumes  that  the  incident  wave 
is  in  the  plane  parallel  to  the  long  edge  of  the 
block  and  therefore  needs  only  one  specified 
angle.  A  modification  [3]  has  been  made  to  the 
original  Ellison  model  which  uses  two  angles  to 
describe  the  position  of  the  incident  signal 
relative  to  the  block.  This  gives  a  more  general 
description  since  obliquely  incident  signals  can 
be  included.  The  equations  for  the  backscattered 
field  are  calculated  using  the  Helmhol tz-Kirchhof f 
theory  and  are  given  in  Fig.  2  for  the  respective 
incident  fields.  The  target  strength,  TS,  (in 
decibels)  for  each  block  is  obtained  from  the 
backscatter  cross-section  and  the  block’s 
reflection  coefficient,  R.  The  target  strength  for 
the  entire  ice  keel  is  obtained  by  coherently 
summing  the  contributions  from  the  individual 
blocks. 

Two  possible  types  of  rotation  that  the  blocks  may 
undergo  is  shown  in  Fig.  3.  In  both  Rotation  I  and 
Rotation  II,  the  block  is  rotated  through  the  same 
angle  away  from  its  vertical  reference  axis 
(y-axis).  Similarly,  both  rotations  occur  through 
the  same  angle  away  from  the  horizontal  reference 
axis  (x-axis).  However,  the  final  orientation  of 
the  block’s  normal  axis  (z’-axis)  is  different  and 
thus  depends  upon  the  type  of  rotation.  Fig.  4 
gives  the  equations  for  the  reference  angles  used 
in  Fig.  2.  Rotations  I  and  II  obviously  will  give 
different  reference  angles  even  though  the 
rotations  away  from  the  respective  reference  axes 
were  the  same.  Henceforth,  the  Ellison  model  with 
two  reference  angles  and  either  Rotation  I  or 
Rotation  II  will  be  referred  to  as  the  modified 
Ellison  model. 

3.  PLANE  WAVE  REFLECTION  COEFFICIENT 

The  plane  wave  reflection  coefficient  model  used 
in  this  study  is  similar  to  that  used  by  McCammon 
and  McDaniel  [4],  The  velocity  profile  for  the  ice 
blocks  is  shown  in  Fig.  5  and  is  essentially  the 
same  as  the  one  described  by  Posey,  et  al  [5,6] 
except  that  the  layered  ice  blocks  are  backed  by 
water.  Thin  transition  layers  (total  thickness  of 
0.101  meters)  are  included  on  the  front  side  of 
the  blocks.  These  transition  layers  allow  the 
gradual  change  from  water,  which  has  only 
compressional  velocity  and  attenuation,  to  ice 


which  has  both  compressional  and  shear  velocity 
and  attenuation.  The-  ice  is  layered,  varying  in 
density,  thickness,  compressional  and  shear 
velocities  and  attenuations.  Table  I  gives-  the 
various  values  for  a  typical  case.  The  overall 
thickness  of  the  ice  was  varied  from  one  to  two 
meters,  but  the  total  thickness  of  the  transition 
layers  remained  constant. 

4.  RESULTS 

Fig.  6  shows  plane  wave  reflection  coefficients 
obtained  from  a  plane  wave  in  water  incident  upon 
a  half-space  having  homogeneous  properties.  The 
solid  curve  is  due  to  Mayer  [7]  and  does  not  allow 
for  attenuations  (compressional  or  shear)  in  the 
half- space.  However,  it  does  allow  for  shear 
velocity.  The  broken  curve  is  obtained  if 
compressional  and  shear  attenuations  are  included 
in  the  half-space.  The  deviations  from  Mayer's 
curve  at  low  grazing  angles  are  due  to  the 
inclusion  of  the  shear  attenuation  and  the 
deviations  at  the  higher  grazing  angles  are  due  to 
the  inclusion  of  compressional  attenuation.  The 
dotted  curve  is  from  the  algorithm  used  in  the 
unmodified  Ellison  model  [1]  and  is  an  apparent 
truncation  of  the  Mayer  model. 

Figs.  7  and  8  show  the  target  strength  versus  time 
for  a  pulse  incident  upon  the  ice  keel  face  at  an 
aspect  angle  of  45  degrees.  Table  II  gives  the 
complete  keel  parameters.  In  Rotation  I  the 
largest  contributor  to  the  backscatter  is  block 

(16.3) ,  i.e.  it  is  the  16th  block  from  the 
vertical  reference  edge  of  the  keel  and  the  3rd 
block  down  from  the  horizontal  reference  edge  of 
the  keel.  The  incident  pulse  makes  a  grazing  angle 
of  79.2  degrees  with  this  block's  normal  axis.  In 
Rotation  II  the  largest  contributors  are  blocks 

(11.3)  and  (16,3);  the  incident  pulse  makes 
grazing  angles  of  22  and  77.4  degrees,  respectively, 
with  these  block's  normal  axis.  In  Figs.  7  and  8 
the  broken  curve  results  from  using  the  unmodified 
Ellison  model  [1]  which  uses  the  truncated  form  of 
Mayer's  model  whereas  the  solid  curve  results  from 
using  the  complete  reflection  coefficient  model 

for  the  half-space  including  compressional  and 
shear  attenuations.  The  peak  target  strengths 
using  Rotation  I  are  about  the  same  for  both 
curves.  This  is  because  the  reflection  coef¬ 
ficients  for  the  truncated  Mayer  model  and  the 
complete  model  are  the  same  at  79.2  degrees,  which 
is  the  grazing  angle  associated  with  the  block 
giving  the  strongest  return  (refer  to  Fig.  6).  In 
Fig,  8  the  difference  between  the  peak  target 
strength  using  the  unmodified  Ellison  model  and 
the  modified  Ellison  model  is  as  high  as  5  dB. 

This  is  because  the  reflection  coefficients  from 
the  truncated  Mayer  model  and  the  complete 
reflection  coefficient  model  differ  significantly 
at  22  degrees  which  is  the  grazing  angle 
associated  with  the  block  giving  the  strongest 
return  for  Rotation  II. 

A  comparison  of  reflection  coefficients  for  ice 
blocks  of  different  thicknesses  is  shown  in  Fig. 

9.  The  broken  curve  results  from  2  meter  thick 
layered  ice  having  the  parameters  given  in  Table  I 
but  without  the  transitional  ''slush"  layers.  The 


solid  curve  is  for  0.98  meter  thick  layered  ice 
without  the  transition  layers;  all  of  its  ice 
parameters  are  the  same  as  in  Table  I  except  that 
the  1.07  meter  center  layer  has  been  shortened  to 
0.05 *meters  to  give  an  overall  thickness  of  0.98 
meters.  Again,  keel  parameters  are  given  in  Table 
II.  Fig.  9  shows  that  there  is  no  difference 
between  the  two  curves  in  the  0  to  40  degree 
grazing  angle  region  where  shear  effects  are  most 
dominant.  However,  in  the  50  to  90  degree  grazing 
angle  region  where  compressional  effects  dominate, 
the  two  curves  differ.  Thus,  it  would  be 
anticipated  that  target  strength  calulations  using 
Rotation  I  would  differ  when  a  keel  composed  of 
the  2  meter  ice  blocks  was  compared  with  a  keel 
composed  of  the  0.98  meter  blocks.  This  would  be 
due  to  the  fact  that  the  reflection  coefficient 
for  the  2  meter  thick  block  is  larger  than  that 
for  the  0.98  meter  thick  block  at  the  grazing 
angle  of  79.2  degrees  which  is  the  angle  made  with 
the  dominant  block  (16,3).  Fig.  10  shows  this 
analysis  to  be  valid.  This  dominant  return  block 
is  the  main  contributor  at  67  milliseconds  and 
gives  the  strongest  return  from  the  entire  keel. 

It  might  therefore  be  erroneously  concluded  that 
the  thicker  blocks  give  a  stronger  return  in  the 
keel  model.  The  fact  is  that  the  type  of  rotation 
chosen  can  have  a  strong  influence  on  the  keel 
return.  This  can  be  seen  in  Fig.  11  where  the  peak 
returns  are  essentially  the  same  for  the  two  keels 
when  Rotation  II  Is  used.  As  previously  noted,  the 
dominant  blocks  in  Rotation  II  are  (11,3)  and 

(16,3)  which  make  respective  grazing  angles  with 
the  incident  signal  of  22  and  77.4  degrees.  In 
Fig.  11,  block  (11,3)  contributes  at  45  milli¬ 
seconds  and  block  (16,3)  at  67  milliseconds. 

Fig.  9  indicates  that  the  two  reflection 
coefficients  are  identical  at  22  degrees  grazing 
angle  and  are  approximately  the  same  at  77.4 
degrees  grazing  angle.  (Actually,  the  reflection 
coefficient  from  the  0.98  meter  block  is  slightly 
higher  at  77.4  degrees  and  this  is  indicated  in 
Fig.  11  where  the  target  strength  from  the  keel 
composed  of  0.98  meter  blocks  is  slightly  higher 
than  that  from  the  keel  composed  of  2  meter 
blocks . ) 

Thus,  Rotation  I  implies  that  the  keel  with  the 
thicker  blocks  gives  the  higher  return  while 
Rotation  II  implies  that  there  is  no  significant 
difference  in  the  magnitude  of  the  returns 
although  the  return  from  the  keel  with  the  thinner 
blocks  is  slightly  higher.  This  type  of  comparison 
will  now  be  extended  to  include  blocks  with 
transitional  "slush"  layers  and  blocks  of  equal 
thickness  with  and  without  the  transitional 
layers.  It  will  be  seen  in  each  example  that  while 
the  magnitudes  of  the  reflection  coefficients  (and 
therefore  the  physical  parameters  of  the  ice)  are 
important  factors  in  determining  the  target 
strength,  the  type  of  rotation  used  can  strongly 
determine  the  degree  of  influence  of  these 
parameters . 

The  reflection  coefficients  for  a  layered  ice 
block  with  water-to-ice  transitional  "slush" 
layers  is  shown  in  Fig.  12.  The  broken  curve  is 
for  the  2  meter  block  (Table  I)  and  the  solid 
curve  is  for  the  0.98  meter  block.  In  the  region 


where  the  shear  effects  are  dominant  (0-40 
degrees)  the  two  curves  are- identical  and  almost 
unity,  indicating  that  for  high  frequency  the 
transitional  layers  act  as  good  reflectors  at 
these  low  grazing  angles.  The  transitional  layers 
are  in  effect  shielding  the  ice  layers  where  shear 
is  present.  At  the  higher  grazing  angles  the 
compr essional  effects  dominate  and  the  two  curves 
are  slightly  different.  Therefore,  any  rotation 
which  has  dominant  blocks  with  associated  angles 
in  the  high  grazing  angles,  such  as  Rotation  I, 
will  show  a  difference  between  the  target  strength 
calculated  for  the  keel  composed  of  2  meter  blocks 
and  that  calculated  from  the  0.98  meter  blocks. 
Fig.  13  shows  this  where  the  return  from  the  0.98 
meter  block  (solid  curve)  is  approximately  10  dB 
higher  than  that  from  the  2  meter  block  (broken 
curve)  at  67  milliseconds.  This  is  due  to  the 
differences  in  the  reflection  coefficients  at  79.2 
degrees.  However,  for  Rotation  II,  the  target 
strengths  are  the  same  at  45  milliseconds  since 
block  (11,3)  dominates  and  has  the  same  value  for 
the  reflection  coefficient  at  22  degrees 
regardless  of  the  block’s  thickness.  Note  that  in 
Fig.  14  the  return  at  45  milliseconds  is  much 
stronger  than  that  at  67  milliseconds  due  to  the 
reflection  coefficient  being  close  to  unity  at  22 
degrees  and  less  than  0.5  at  77.4  degrees. 

A  comparison  of  reflection  coefficients  for  2 
meter  thick  ice  with  the  transitional  layers 
(solid  curve)  (see  Table  I)  and  without  the 
transitional  layers  (broken  curve)  is  shown  in 
Fig.  15.  The  corresponding  targets  strengths  for 
rotations  I  and  II  are  shown  in  Figs.  1 6  and  17, 
respectively.  The  keel  without  the  transitional 
layers  (broken  curve)  gives  the  largest  return  for 
Rotation  I  due  the  larger  reflection  coefficient 
at  79.2  degrees.  However,  the  keel  with  the 
transitional  layers  (solid  curve)  gives  the  higher 
return  for  Rotation  II  due  to  the  large  value  of 
the  reflection  coefficient  at  22  degrees. 

It  should  be  emphasized  that  the  examples 
presented  above  were  for  20  kHz  incident  signals. 
At  lower  frequencies,  the  transitional  layers  are 
penetrated  and  absorb  energy  due  to  shear 
resonances.  This  is  shown  in  Fig.  18  where  the 
reflection  coefficients  for  2  meter  ice  without 
transitional  layers  (broken  curve)  and  2  meter  ice 
with  transitional  layers  (solid  curve)  are  shown 
for  a  frequency  of  8  kHz.  Comparing  this  figure  to 
Fig.  15  shows  that  the  transitional  layers  are 
less  a  factor  at  this  lower  frequency.  The  target 
strengths  at  8  kHz.  using  the  reflection  coef¬ 
ficients  given  in  Fig.  18  for  rotations  I  and 
II  are  shown  in  Figs.  19  and  20,  respectively.  The 
results  in  both  figures  are  easily  predictable 
using  the  analysis  presented  above.  Note  that  in 
Fig.  20,  the  return  from  the  06,3)  block  is  the 
largest.  Again,  this  is  explained  by  examining  the 
reflection  coefficients.  At  77.4  degrees,  the 
difference  between  the  reflection  coefficient  for 
the  block  with  the  transitional  layers  and  the 
reflection  coefficient  for  the  ice  block  without 
the  transitional  layers  is  approximately  0.4.  This 
is  the  largest  difference  encountered  and  causes 
the  difference  using  Rotation  II,  of  approximately 
20  dB  in  favor  of  the  keel  with  ice  blocks 


possessing  the  transitional  layers. 

Given  the  results  presented,  the  interesting 
question  arises.  Why  does  the  unmodified  Ellison 
model  give  good  results,  as  has  been  reported  [2], 
when  it  does  not  allow  for  oblique  incidence 
signals  and  uses  a  truncated  reflection  coef¬ 
ficient  model?  The  answer  may  be  in  the  type 
of  ice  blocks  that  formed  the  keels  where  the  data 
was  taken.  Fig.  21  compares  reflection  coef¬ 
ficients  from  2  meter  blocks  without  transitional 
layers  (broken  curve),  2  meter  blocks  with 
transitional  layers  (solid  curve),  and  the 
truncated  Mayer  half-space  model  used  in  the 
unmodified  Ellison  model  (dotted  curve).  As  can  be 
seen,  the  reflection  coefficients  for  the  blocks 
with  transitional  layers  and  for  the  truncated 
Mayer  half-space  model  are  approximately  the  same 
for  grazing  angles  up  to  approximately  50  degrees. 
This  is  the  angular  range  for  the  dominant  blocks 
using  Rotation  II  at  the  higher  frequency  (20 
kHz.).  While  by  no  means  a  definitive  answer,  the 
existance  of  transitional  layers  could  help 
explain  the  agreement  (or  lack  of  agreement) 
between  backscatter  predictions  and  data  from  ice 
keels. 

5.  CONCLUSIONS 

The  modified  Ellison  ice  keel  model  presented  here 
extends  the  range  of  applicability  of  the  model  by 
allowing  for  oblique  incident  signals,  inclusion 
of  a  wider  range  of  physical  ice  parameters  and  a 
choice  of  block  rotations.  In  the  modified  Ellison 
keel  model,  physical  ice  properties  (viz. 
compressional  and  shear  velocities,  compr essional 
and  shear  attenuations,  density,  and  layer 
thickness)  together  with  frequency  effect  the 
backscatter  target  strength  calculations  through 
the  plane  wave  reflection  coefficient.  The  degree 
of  this  effect  is  determined  by  the  type  of  ice 
block  rotation  that  is  used. 
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where  the  shear  effects  are  dominant  (0-40 
degrees)  the  two  curves  are- identical  and  almost 
unity,  indicating'  that  for  high  frequency  the 
transitional  layers  act  as  good  reflectors  at 
these  low  grazing  angles.  The  transitional  layers 
are  in  effect  shielding  the  ice  layers  where  shear 
is  present.  At  the  higher  grazing  angles  the 
compressional  effects  dominate  and  the  two  curves 
are  slightly  different.  Therefore,  any  rotation 
which  has  dominant  blocks  with  associated  angles 
in  the  high  grazing  angles,  such  as  Rotation  1, 
will  show  a  difference  between  the  target  strength 
calculated  for  the  keel  composed  of  2  meter  blocks 
and  that  calculated  from  the  0.98  meter  blocks. 
Fig.  13  shows  this  where  the  return  from  the  0,98 
meter  block  (solid  curve)  is  approximately  10  dB 
higher  than  that  from  the  2  meter  block  (broken 
curve)  at  67  milliseconds.  This  is  due  to  the 
differences  in  the  reflection  coefficients  at  79.2 
degrees.  However,  for  Rotation  II,  the  target 
strengths  are  the  same  at  45  milliseconds  since 
block  (11,3)  dominates  and  has  the  same  value  for 
the  reflection  coefficient  at  22  degrees 
regardless  of  the  block's  thickness.  Note  that  in 
Fig,  14  the  return  at  45  milliseconds  is  much 
stronger  than  that  at  67  milliseconds  due  to  the 
reflection  coefficient  being  close  to  unity  at  22 
degrees  and  less  than  0.5  at  77.4  degrees. 

A  comparison  of  reflection  coefficients  for  2 
meter  thick  ice  with  the  transitional  layers 
(solid  curve)  (see  Table  I)  and  without  the 
transitional  layers  (broken  curve)  is  shown  In 
Fig.  15.  The  corresponding  targets  strengths  for 
rotations  I  and  II  are  shown  in  Figs.  16  and  17, 
respectively.  The  keel  without  the  transitional 
layers  (broken  curve)  gives  the  largest  return  for 
Rotation  I  due  the  larger  reflection  coefficient 
at  79.2  degrees.  However,  the  keel  with  the 
transitional  layers  (solid  curve)  gives  the  higher 
return  for  Rotation  II  due  to  the  large  value  of 
the  reflection  coefficient  at  22  degrees. 

It  should  be  emphasized  that  the  examples 
presented  above  were  for  20  kHz  incident  signals. 
At  lower  frequencies,  the  transitional  layers  are 
penetrated  and  absorb  energy  due  to  shear 
resonances.  This  is  shown  in  Fig,  18  where  the 
reflection  coefficients  for  2  meter  ice  without 
transitional  layers  (broken  curve)  and  2  meter  ice 
with  transitional  layers  (solid  curve)  are  shown 
for  a  frequency  of  8  kHz.  Comparing  this  figure  to 
Fig.  15  shows  that  the  transitional  layers  are 
less  a  factor  at  this  lower  frequency.  The  target 
strengths  at  8  kHz.  using  the  reflection  coef¬ 
ficients  given  in  Fig.  18  for  rotations  I  and 
II  are  shown  in  Figs.  19  and  20,  respectively.  The 
results  in  both  figures  are  easily  predictable 
using  the  analysis  presented  above.  Note  that  in 
Fig.  20,  the  return  from  the  (16,3)  block  is  the 
largest.  Again,  this  is  explained  by  examining  the 
reflection  coefficients.  At  77.4  degrees,  the 
difference  between  the  reflection  coefficient  for 
the  block  with  the  transitional  layers  and  the 
reflection  coefficient  for  the  ice  block  without 
the  transitional  layers  is  approximately  0.4.  This 
is  the  largest  difference  encountered  and  causes 
the  difference  using  Rotation  II,  of  approximately 
20  dB  in  favor  of  the  keel  with  ice  blocks 


possessing  the  transitional  layers. 

Given  the  results  presented,  the  interesting 
question  arises.  Why  does  the  unmodified  Ellison 
model  give  good  results,  as  has  been  reported  [2], 
when  it  does  not  allow  for  oblique  incidence 
signals  and  uses  a  truncated  reflection  coef¬ 
ficient  model?  The  answer  may  be  in  the  type 
of  ice  blocks  that  formed  the  keels  where  the  data 
was  taken.  Fig.  21  compares  reflection  coef¬ 
ficients  from  2  meter  blocks  without  transitional 
layers  (broken  curve),  2  meter  blocks  with 
transitional  layers  (solid  curve) ,  and  the 
truncated  Mayer  half-space  model  used  in  the 
unmodified  Ellison  model  (dotted  curve).  As  can  be 
seen,  the  reflection  coefficients  for  the  blocks 
with  transitional  layers  and  for  the  truncated 
Mayer  half- space  model  are  approximately  the  same 
for  grazing  angles  up  to  approximately  50  degrees. 
This  is  the  angular  range  for  the  dominant  blocks 
using  Rotation  II  at  the  higher  frequency  (20 
kHz.).  While  by  no  means  a  definitive  answer,  the 
existance  of  transitional  layers  could  help 
explain  the  agreement  (or  lack  of  agreement) 
between  backscatter  predictions  and  data  from  ice 
keels, 

5.  CONCLUSIONS 

The  modified  Ellison  ice  keel  model  presented  here 
extends  the  range  of  applicability  of  the  model  by 
allowing  for  oblique  incident  signals,  inclusion 
of  a  wider  range  of  physical  ice  parameters  and  a 
choice  of  block  rotations.  In  the  modified  Ellison 
keel  model,  physical  ice  properties  (viz. 
compressional  and  shear  velocities,  compressional 
and  shear  attenuations,  density,  and  layer 
thickness)  together  with  frequency  effect  the 
backscatter  target  strength  calculations  through 
the  plane  wave  reflection  coefficient.  The  degree 
of  this  effect  is  determined  by  the  type  of  ice 
block  rotation  that  is  used. 
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Fig.  1 .  Typical  ice  block  forming 
the  face  of  the  keel. 


co*2f 


Fig.  2.  Plane  wave  incident  on  the 
face  of  an  ice  block.  The 
expressions  for  cross-sections  and 
target  strength  are  also  shown. 
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ROTATION  I 


iJj  -  cos  *  j^cos<^  sin9^  sin<f>^  +  cos$^  (sin<fi^  sin8  +  cos^  cosB^  cos8)  "] 


"[< 


6  “  cos  1  |(1/  sirnj;)  {costfc^  cos^  sin94  -  sln$u  (sin8  sin<^  +  cosB  co 


^cose^}!  Fig.  4.  Equations  for  the  reference 

angles  between  the  incident  plane 
wave  and  each  ice  block. 
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VELOCITY  PROFILE 


Fig.  5.  Compressional  and  shear 
velocity  profiles  for  a  2  meter 
layered  ice  block  with  water-to-ice 
transitional  layers. 
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REFLECTION  COEFFICIENT 


Fig.  6.  Reflection  coefficients  for 
water  over  a  homogeneous  half- space. 
The  solid  curve  results  from  using 
Mayer’s  model,  the  dotted  curve  from 
using  a  truncated  Mayer  model,  and 
the  broken  curve  from  using  a  model 
which  includes  congressional  and 
shear  velocities  and  attenuations. 


ROTRTION  I 
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Fig.  7.  Target  strengths  at  20  kHz. 
using  Rotation  I.  Plane  wave 
reflection  coefficients  have  been 
calculated  by  the  truncated  Mayer 
model  (broken  curve)  and  by  the 
model  which  includes  congressional 
and  shear  velocities  and 
attenuations  (solid  curve) . 


ROTRTION  II 
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Fig.  8.  Target  strengths  at  20  kHz. 
using  Rotation  II.  Plane  wave 
reflection  coefficients  have  been 
calculated  by  the  truncated  Mayer 
model  (broken  curve)  and  by  the 
model  which  includes  compr essional 
and  shear  velocities  and 
attenuations  (solid  curve). 
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Fig.  9.  Reflection  coefficients  for 
water  backed  layered  ice  at  20  kHz. 
Total  layer  thicknesses  are  2  meters 
(broken  curve)  and  0.98  meters 
(solid  curve).  The  reflection 
coefficients  are  calculated  using  a 
model  which  includes  compressional 
and  shear  velocities  and 
attenuations. 


ROTATION  I 


o 


Fig.  10.  Target  strengths  at  20  kHz. 
using  Rotation  I.  The  broken  curve 
is  for  a  keel  composed  of  2  meter 
blocks  and  the  solid  curve  is  for  a 
keel  composed  of  0.98  meter  blocks. 
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Fig.  11.  Target  strengths  at  20  kHz. 
using  Rotation  II.  The  broken  curve 
is  for  a  keel  composed  of  2  meter 
blocks  and  the  solid  curve  is  for  a 
keel  composed  of  0.98  meter  blocks. 


66 


TARGET  STRENGTH  (DBI  TRRGET  STRENGTH  10B)  REFLECTION  COEF. 

I  -60.0  -50.0  -10.0  30.0  -20.0  -10.0  -80.0-70.0  -60.0  -50.0  -10.0  -30.0  -20.0  -10.0  0.00  0.25  0.50  0.75  i.'OO 


REFLECTION  COEFFICIENT 


GRAZING  ANGLE  l DEG) 


Fig.  12.  Reflection  coefficients  at 
20  kHz.  for  water  backed  layered  ice 
with  the  water-to-ice  transitional 
layers  on  the  front  surface.  Total 
hard  ice  layer  thicknesses  are  2 
meters  (broken  curve)  and  0.98 
meters  (solid  curve).  The  reflection 
coefficients  are  calculated  using  a 
model  which  includes  compressional 
and  shear  velocities  and 
attenuations. 


ROTATION  I 


Fig.  13.  Target  strengths  at  20  kHz. 
using  Rotation  I.  The  broken  curve 
is  for  a  keel  composed  of  2  meter 
blocks  and  the  solid  curve  is  for  a 
keel  composed  of  0.98  meter  blocks. 
Each  block  has  the  water-to^ice 
transitional  layers  on  the  front 
surface . 


ROTATION  II 


Fig.  14.  Target  strengths  at  20  kHz. 
using  Rotation  II.  The  broken  curve 
is  for  a  keel  composed  of  2  meter 
blocks  and  the  solid  curve  is  for  a 
keel  composed  of  0.98  meter  blocks. 
Each  block  has  the  water- to** ice 
transitional  layers  on  the  front 
surface. 
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Fig.  15.  Reflection  coefficients  at 
20  kHz.  for  2  meter  water  backed 
layered  ice.  The  solid  curve  is  for 
the  case  of  the  water-to^ice 
transitional  layers  on  the  front 
surface  while  the  broken  curve  is 
for  the  case  of  ice  without  the 
transitional  layers.  The  reflection 
coefficients  are  calculated  using  a 
model  which  includes  compressional 
and  shear  velocities  and 
attenuations . 


ROTATION  I 


o 


Fig.  16.  Target  strengths  at  20  kHz. 
using  Rotation  I.  The  solid  curve  is 
for  a  keel  composed  of  2  meter 
blocks  with  the  water-to-^ice 
transitional  layers  and  the  broken 
curve  is  for  a  keel  composed  of  2 
meter  blocks  without  transitional 
layers. 


ROTATION  II 


o 


TIME  (MSEC) 


Fig.  17.  Target  strengths  at  20  kHz. 
using  Rotation  II.  The  solid  curve 
is  for  a  keel  composed  of  2  meter 
blocks  with  the  water^to-^ice 
transitional  layers  and  the  broken 
curve  is  for  a  keel  composed  of  2 
meter  blocks  without  transitional 
layers. 
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Fig.  18.  Reflection  coefficients  for 
2  meter  water  backed  layered  ice  at 
8  kHz.  The  solid  curve  is  for  the 
case  of  water^to^ice  transitional 
layers  on  the  front  surface  while 
the  broken  curve  is  for  the  case  of 
ice  without  the  transitional  layers. 
The  reflection  coefficients  are 
calculated  using  a  model  which 
includes  compressional  and  shear 
velocities  and  attenuations. 


ROTATION  I 


Fig.  19.  Target  strengths  at  8  kHz. 
using- Rotation  I.  The  solid  curve  is 
for  a  keel  composed  of  2  meter 
blocks  with  the  water-to-ice 
transitional  layers  and  the  broken 
curve  is  for  a  keel  composed  of  2 
meter  blocks  without  transitional 
layers. 
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Fig.  20.  Target  strengths  at  8  kHz 
using  Rotation  II.  The  solid  curve 
is  for  a  keel  composed  of  2  meter 
blocks  with  the  water-: to- ice 
transitional  layers  and  the  broken 
curve  is  for  a  keel  composed  of  2 
meter  blocks  without  transitional 
layers. 
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Fig.  21.  Reflection  coefficients  at 
20  kHz’,  for  the  cases  of  2  meter 
blocks  without  the  water-to-ice 
transitional  layers  (broken  curve), 

2  meter  blocks  with  the  water- to- ice 
transitional  layers  (solid  curve), 
and  truncated  Mayer  model  for  a 
homogeneous  half-space  (dotted 
curve) . 
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TABLE  I 


LAYER 

LAYER  THICKNESS 
TYPE  (M) 

DENSITY 

(GM/CC) 

COMP RES. 
SPEED 
(M/SEC) 

SHEAR 

SPEED 

(M/SEC) 

COMPRES. 

ATTENUATION 

(DB/M-KHZ) 

SHEAR 

ATTENUATION 

(DB/M-KHZ) 

WATER 

INFINITE 

1.02 

1500.0 

0.0 

0.00 

0.00 

ICE 

0.015 

0.75 

1300.0 

650.0 

0.06 

0.22 

ICE 

0.015 

0.88 

1500.0 

750.0 

0.06 

0.28 

ICE 

0.020 

0.90 

1700.0 

850.0 

0.06 

0.29 

ICE 

0.020 

0.90 

1900.0 

950.0 

0.06 

0.30 

ICE 

0.025 

0.90 

2100.0 

1050.0 

0.06 

0.31 

ICE 

0.030 

0.90 

2300.0 

1150.0 

0.06 

0.32 

ICE 

0.040 

0.90 

2600.0 

1300.0 

0.06 

0.33 

ICE 

0.065 

0.90 

2900.0 

1450.0 

0.06 

0.34 

ICE 

0.080 

0.90 

3200.0 

1600.0 

0.06 

0.35 

ICE 

0.050 

0.90 

3400.0 

1750.0 

0.06 

0.36 

ICE 

0.050 

0.90 

3600 . 0 

1800.0 

0.06 

0.36 

ICE 

0.070 

0.90 

3700.0 

1850.0 

0.06 

0.36 

ICE 

1 .070 

0.90 

3800 . 0 

1900.0 

0.06 

0.36 

ICE 

0.070 

0.90 

3700.0 

1850.0 

0.06 

0.36 

ICE 

0.060 

0.90 

3600.0 

1800.0 

0.06 

0.36 

ICE 

0.050 

0.90 

3400.0 

1700.0 

0.06 

0.36 

ICE 

0.085 

0.90 

3200.0 

1600.0 

0.06 

0.36 

ICE 

0.070 

0.90 

3000.0 

1500.0 

0.06 

0.36 

ICE 

0.055 

0.90 

2800.0 

1400.0 

0.06 

0.36 

ICE 

0.040 

0.90 

2700.0 

1350.0 

0.06 

0.36 

ICE 

0.020 

0.90 

2600.0 

1 300.0 

0.06 

O.36 

SLUSH 

0.015 

0.91 

2500.0 

1250.0 

0.06 

0.10 

SLUSH 

0.010 

0.92 

2400.0 

700.0 

0.06 

0.04 

SLUSH 

0.010 

0.93 

2300.0 

150.0 

0.06 

0.01 

SLUSH 

0.005 

0.93 

2200.0 

20.0 

0.06 

0.00 

SLUSH 

0.005 

0.94 

2000.0 

0.0 

0.06 

0.00 

SLUSH 

0.002 

0.94 

1700.0 

0.0 

0.06 

0.00 

SLUSH 

0.002 

0.95 

1400.0 

0.0 

0.06 

0.00 

SLUSH 

0.001 

0.96 

1150.0 

0.0 

0.06 

0.00 

SLUSH 

0.003 

0.98 

1060.0 

0.0 

0.06 

0.00 

SLUSH 

0.004 

0.99 

1030.0 

0.0 

0.06 

0.00 

SLUSH 

0.005 

1 .00 

1020.0 

0.0 

0.06 

0.00 

SLUSH 

0.008 

1.00 

1015.0 

0.0 

0.06 

0.00 

SLUSH 

0.006 

1 .01 

1030.0 

0.0 

0.06 

0.00 

SLUSH 

0.005 

1.01 

1040.0 

0.0 

0.06 

0.00 

SLUSH 

0.005 

1 .01 

1060.0 

0.0 

0.06 

0.00 

SLUSH 

0.005 

1 .01 

1100.0 

0.0 

0.06 

0.00 

SLUSH 

0.005 

1.01 

1160.0 

0.0 

0.06 

0.00 

SLUSH 

0.005 

1 .01 

1200.0 

0.0 

0.06 

0.00 

WATER 

INFINITE 

1.02 

1500.0 

0.0 

0.00 

0.00 

TABLE  II 


FREQUENCY:  20  KHZ  TOTAL  KEEL  LENGTH:  100  M 

KEEL  DEPTH:  9.3  M  KEEL  SAIL  HEIGHT:  1.0  M 

KEEL  SLANT  HEIGHT:  15.2  M  KEEL  (BLOCK)  THICKNESS:  1.0  -  2.0  M 

KEEL  ANCLE  OF  REPOSE, 8R:  38  DEG.  INCIDENT  ASPECT  ANGLE, 8^  45  DEC. 

PULSE  LENGTH:  2  MILL1SEC.  TOTAL  NUMBER  OF  BLOCKS:  21  X  3  -  63 

INCIDENT  DECLINATION/ELEVATION  ANGLE,^:  5  DEC. 
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SIMULATION  MODELS  FOR  HIGH  FREQUENCY  UNDER-ICE  ACOUSTIC  BACKSCATTERING 


Garner  C.  Bishop,  Leonard  E.  Mellberg,  Carl  J.  Albanese,  Suzanne  E.  Overdeep  (Naval  Underwater 
Systems  Center,  Newport,  RI  02841),  William  TVEllison  (Marine  Acoustics,  Cotuit  MA  02635) 


Models  have  been  developed  to  synthesize  a 
three  dimensional  under-ice  canopy 
characteristic  of  pack  ice  regions  of  the 
interior  Arctic  and  to  evaluate  the  backscatter 
of  a  high  frequency  acoustic  pulse  from  the 
under-ice  canopy  model.  The  canopy  synthesis 
model  (CHOOSKL)  utilizes  measured  two 
dimensional  under-ice  profile  data  and  several 
empirical  results  to  identify  and  classify  ice 
features  and  to  construct  a  three  dimensional 
bimodal  under-ice  canopy  consisting  of  first 
year  ice  keels  and  sloping  flat  ice  regions. 

The  backscattering  model  synthesizes  the  small 
scale  roughness  of  first  year  keels  that  is 
produced  by  the  constituent  ice  blocks  of  the 
keel.  Reverberation  is  calculated  and  compared 
with  measured  reverberation  data  and  excellent 
agreement  is  obtained. 


1 .  INTRODUCTION 

The  under-ice  environment  is  a  unique 
environment  in  which  to  propagate  acoustic 
waves.  The  ice  canopy  causes  sound  speed  to 
vary  with  depth  in  a  manner  that  causes  acoustic 
waves  to  refract  upward  toward  the  under-ice 
surface.  The  under-ice  surface  exhibits  large 
scale  roughness  produced  by  more  or  less 
distinct  relief  features  e.g.  ice  keels  and 
small  scale  roughness  produced  by  the 
constituents  of  the  relief  features  e.g.  ice 
blocks.  At  the  smallest  length  scales,  the 
surface  of  ice  blocks  exhibits  roughness  as 
well.  The  under-ice  surface  acts  as  an  acoustic 
scatterer  whose  scattering  properties  are  poorly 
known.  In  this  work  a  model  is  described  that 
has  been  developed  to  evaluate  the  backscatter 
of  a  high  frequency  acoustic  pulse  from  the 
under-ice  canopy.  The  model  consists  of  two 
major  components;  l)  a  model  that  synthesizes  a 
three  dimensional  under-ice  canopy  from  two 
dimensional  acoustic  profile  data  (CHOOSKL)  and 
2)  a  backscattering  model  that  evaluates  the 
reverberation  produced  by  the  scatter  of  a  high 


frequency  acoustic  pulse  from  the  three 
dimensional  canopy  synthesized  by  CHOOSKL.  The 
backscattering  simulation  model  is  a 
significantly  enhanced  and  improved  version  of  a 
similar  model  developed  by  W.T.  Ellison  [ 1 980] • 

2.  CANOPY  SYNTHESIS  MODEL  (CHOOSKL) 


The  canopy  synthesis  model  is  an  ensemble  of 
models.  The  models  are  used  systematically  to 
examine  measured  two  dimensional  under-ice 
acoustic  profile  data  and  to  identify  and 
classify  discrete  relief  features,  to  determine 
various  morphological  and  geometical  parameters 
and  to  synthesize  a  three  dimensional  canopy 
from  two  dimensional  acoustic  profile  data. 

A.  Feature  identification 

It  is  assumed  that  the  under-ice  canopy  is 
composed  of  two  distinct  types  of  ice  regions, 
deformed  and  undeformed  ice,  and  that  these 
regions  are  composed  of  and  may  be  modeled  by 
discrete  relief  features.  In  this  work,  regions 
of  deformed  and  undeformed  ice  are  modeled  as 
first  year  keels  and  sloping  flat  regions 
respectively.  However,  there  exists  no 
universally  recognized  criteria  or  definitions 
that  may  be  used  to  identify  and  classify  relief 
features  based  on  the  acoustic  profile  they 
project  onto  a  vertical  plane  oriented  randomly 
with  respect  to  the  vertical  plane  of  the 
feature.  Therefore  it  is  necessary  to  define 
and/or  adopt  more  or  less  arbitrary  criteria 
that  may  be  used  to  identify  and  classify  relief 
features  and  to  determine  their  important 
geometric  parameters  from  their  projected 
acoustic  profiles.  Three  criteria  are  necessary 
and  sufficient  to  identify  a  discrete  relief 
feature:  l)  It  is  necessary  to  distinguish  a 

feature  from  surface  irregularities  and/or 
undulations  that  exist  frequently  on  the 
under-ice  surface.  2)  It  is  necessary  to 
resolve  or  distinguish  between  adjacent  features 
Rayleigh  criterion).  3)  The  lateral  extent  of 
a  feature  must  be  determined.  The  quantitative 
expressions  of  these  criteria  are  given  by 

'A*  -  (2.1a) 

H«Lr)  -  (2.1b) 


and 


.  0 

<J  b 

(2.1c) 

with 

hk~h° 

(2.2a) 

and 

(2.2b) 

HR(r)zH(n-  H0. 

(2.2c) 

which  the  feature  is  resolved  i.e.  a  feature  is 
resolved  when  its  relief  at  any  range  r,  HR(r)» 
decreases  to  the  Rayleigh  relief.  Once  a 
feature  has  been  identified  and  resolved,  the 
lateral  extent  of  its  acoustic  profile  remains 
to  be  determined.  In  this  work  the  lateral 
extent  of  a  keel  is  reached  when  the  relief 
HR(r)  is  such  that  H?(r)  <  HRR  and  the  condition 
given  in  Eq.  (2.1c)  is  met. 

2.2  Slope  angle  model  and  feature 
classification 


The  conditions  given  in  Eqs .  (2.1a)  -  (2.1c)  are 
referred  to  as  the  condition 

of  minimum  relief,  the  condition  of  resolution 
and  the  end  condition  respectively.  The 
parameters  used  in  Eqs.  (2.1a)-(2.2c)  are  shown 
in  figure  1 . 

is  the  draft  of  the  feature  measured  from 
the  sea-water  surface  and  is 

different  for  each  relief  feature.  H  is  the 
average  thickness  of  the  parent  ice  floe  and  is 
constant  for  a  given  geographic  location.  In 
this  work  the  value  H  *  2.5  m  was  used.  H^R  is 
called  the  feature  relief  and  provides  a  measure 
of  the  amount  by  which  the  feature  extends 
downward  from  the  surface  of  the  ice  sheet. 
H»™T™  is  an  arbitrary  parameter  that  specifies 
the  minimum  feature  relief  and  in  this  work  the 
value  Hrrcw™  =  2  m  was  used.  A  feature  is 
distinguished  from  surface  irregularities  when 
its  relief  is  greater  than  the  arbitrary  minimum 

value  HKRMir 


C  is  an  arbitrary  parameter  used  to  determine 
the  Rayleigh  Relief  and  is  such  that  o  <  Cg  <  1 • 
In  this  work  the  value  C  *  .5  was  used.  is 

the  Rayleigh  relief  and  is  the  maximum  relief  at 


The  transverse  geometry  of  ice  keels  has 
been  studied  by  many  researchers  and  it  has  been 
shown  that  it  may  vary  from  triangular  to 
semicircular  or  semielliptical  or  to  even  more 
complex  shapes.  Indeed  the  leading  edge  of  a 
keel  may  be  highly  irregular  and  composed  of 
many  linear  and  curvilinear  segments.  In  order 
to  effect  a  compromise  between  computational 
simplicity  and  physical  accuracy  the  acoustic 
profile  data  is  used  to  partition  the  leading 
edge  of  a  relief  feature  into  two  straight  line 
segments.  The  point  at  which  the  leading  edge 
is  partitioned  is  fixed  for  all  features  and  is 
determined  by  examining  the  average  feature 
profile  and  determining,  in  a  subjective  manner, 
the  best  two  line  fit  to  the  leading  edge  of  the 
mean  feature  profile.  The  point  at  which  the 
feature  is  partitioned  is  expressed  as  a 
fraction  of  the  left  crossing  width.  In  this 
work,  the  value  of  the  partition  fraction,  XR 

was  determined  to  be  X  =  .3. 

r 

It  is  evident  that  in  order  to  describe 
accurately  the  leading  edge  of  a  relief  feature, 
it  is  necessary  to  specify  the  slope  angles  that 
describe  the  slopes  of  the  straight  line 


Fig.  1. 


Keel  geometry  and  parameters. 


segments  used  to  model  the  uppe.r  and  lower 
portions  of  the  leading  edge  of  the  feature. 
These  slope  angles  are  called  the  upper  and 
lower  slope  angles- respectively.  It  should  be 
noted  that  this  slope  angle  model  differs  from 
previous  slope  angle  models  that  characterize 
the  leading  edge  of  a  relief  feature  by  a  single 
slope  angle. 

Once  a  relief  feature  has  been  identified 
and  its  acoustic  profile  modeled,  the  following 
geometric  parameters  may  be  determined:  location 
on  the  track;  draft  (H^)*  left  and  right 
crossing  width;  (W^»  W  )  uPPer  and  lower  slope 
angle s  (0S 1  , 0S2)  .  A  sloping  flat  ice  region  is 
modeled  as  a  relief  feature  whose  average  slope 
angle  is  less  than  some  critical  angle.  In  this 
work  a  value  of  1.4  was  used  for  the  critical 
slope  angle  This  angle  corresponds  to  a 

relief  feature'whose  draft  to  width  ratio  is 
1/40.  is  used  to  partition  the  ensemble  of 
discrete  relief  feature  into  a  set  containing 
first  year  keels  and  a  set  containing  fiat  ice 
features. 

C.  Synthesis  of  a  three  dimensional  canopy: 

Kidge  length  and  aspect  angle  models 

A  two  dimensional  acoustic  profile  of  the 
under-ice  surface  does  not  provide  information 
about  the  spatial  orientation  of  relief  features 
out  of  the  plane 

of  the  profile.  However,  a  three  dimensional 
canopy  may  be  synthesized.  Parameters  necessary 
to  descnoe  and/or  model  the  three  dimensional 
canopy  may  oe  defined.  Data  from  other  work  may 
be  used  to  obtain  mean  values  and  distribution 
functions  for  these  parameters  from  regions  that 
are  similar  to  those  from  which  specific  profile 
data  is  available  and  used  to  supplement  the  two 
dimensional  acoustic  profile  data.  In  this  work 
two  parameters  are  necessary  and  sufficient  to 
synthesize  a  three  dimensional  canopy  from  the 
two  dimensional  acoustic  profile  data  and  they 
are  ridge  length  and  aspect  angle.  Ridge 
lengths  have  been  measured  by  Hibler  and  Ackley 
[1973]  and  this  data  forms  the  basis  of  the 
model  that  synthesizes  ridge  lengths.  The  ridge 
length  model  selects  ridge  lengths  in  a  random 
manner  from  an  exponential  distribution  of  ridge 
lengths.  The  exponential  distribution  of  ridge 
lengths  has  a  mean  value  of  580.9  m  and  the 
maximum  allowed  ridge  length  is  3750  m.  The 
mean  ridge  length  was  determined  by  varying  the 
mean  ridge  length  until  the  frequency 
distribution  of  ridge  lengths  produced  by  the 
model  agreed  with  that  of  the  Hibler-Ackly  data. 

Aspect  angle  (  9  .)  is  defined  conventionally 
as  the  angle  measured  from  the  normal  to  the 
longitudinal  center  line  of  the  ridge  to  an 
arbitrary  datum  line.  This  definition  is  used 
in  this  work  and  the  track  line  is  chosen  as  the 
arbitrary^  a  turn  line^  Aspect  angles  vary  in  the 
range  -90  <  6^  <  90  .  9  ^  is  positive  when 

measured  clockwise  when  the  ridge  is  viewed  from 
above  and  negative  otherwise.  It  should  be 
noted  that  since  the  orientation  of  a  ridge  is 


characterized  by  a  single  aspect  angle,  the 
ridge  is  assumed  implicitly  to  be  linear.  This 
approximation  is  made  in  order  to  simplify 
calculations.  Field  observations  have  shown 
that  ridges  are  only  approximately  linear  and  in 
some  cases  may  be  highly  non-linear.  There  is  a 
paucity  of  data  for  the  frequency  distribution 
of  aspect  angles  of  pressure  ridges  along  a 
linear  track.  However  Mock,  Hartwell  and  Hibler 
l,1972j  obtained  several  sets  of  aspect  angle 
data  and  analyzed  spatial  aspects  of  pressure 
ridges.  They  showed  that  the  observed  aspect 
angle  frequency  distributions  did  not  correspond 
to  those  of  a  randomly  oriented  population  of 
ridges.  However,  they  concluded  that  the 
observed  aspect  angle  frequency  distributions 
were  very  complex  and  that  despite  their  results 
suggested  that  the  best  aspect  angle  model  is 
one  in  which  the  ridges  are  oriented  randomly  in 
aspect  and  is  the  model  adopted  in  this  work. 

3.  PROPAGATION  LOSS  AND  GRAZING  ANGLE  MODELS 

Since  sea  water  attenuates  and  refracts 
acoustic  waves,  it  is  essential  to  model  these 
acoustic  properties  of  sea  water  and  to  obtain 
a  quantitative  description  of  these  phenomena  to 
serve  as  input  to  the  backscattermg  model.  It 
is  assumed  that  quantitative  descriptions  of  the 
dissipative  and  refractive  properties  of  sea 
water  are  given  sufficiently  by  the  propagation 
loss  and  source-grazing  angle  tables  respectivly 
which  are  included  as  input  to  the 
backscattermg  model. 

Sound  velocity  data  was  obtained  by  a 
submarine  expendable  sound  velocity  profiler 
(SSXVP).  The  CONGRATS  [WEINBERG,  1 981 ]  ocean 
sound  speed  model  is  used  to  fit  a  curve  to  the 
measured  sound  velocity  data,  plot  the  sound 
velocity  profile  and  a  ray  diagram.  Then  the 
sound  velocity  profile  is  used  by  the  FACT 
eigenray  model  Weinberg,  1 981 ]  to  calculate 
acoustic  eigenrays  at  various  target  ranges  for 
a  fixed  source  depth.  An  eigenray  table  is 
obtained  that  lists  the  following  for  each 
eigenray:  target  range;  travel  time;  source 
angle;  target  angle;  level  (dB);  phase  and  the 
number  of  surface  and  bottom  reflections.  The 
acoustic  eigenrays  at  each  range  are  summed 
incoherently  and  a  sound  pressure  level  table  is 
constructed.  The  propagation  loss  table  is 
constructed  from  the  sound  pressure  level  table 
by  regarding  negative  pressure  levels  as 
positive  losses.  A  source-grazing  angle  table 
is  constructed  from  the  eigenray  table  in  the 
following  manner.  At  each  range  for  which  the 
eigenrays  are  calculated  the  eigenrays  of 
maximum  amplitude  is  identified.  The  source  and 
grazing  angles  at  each  range  are  those  of  the 
eigenray  of  maximum  amplitude. 

4.  UNDER-ICE  ACOUSTIC  BACKSCATTERING  MODEL 

The  high  frequency  under-ice  acoustic 
backscattering  model  consists  of  the  following 
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three  major  components:  l)  modeling  the 
microscopic  structure  or  small  scale  roughness 
of  ice  keels  and  canopy  features;  2)  calculating 
the  target  strength  for  ice  blocks,  ice  keels 
and  then  the  entire  under-ice  canopy  and  3) 
computing  reverberation  using  the  sonar 
equations . 

A.  Modeling  the  microscopic  structure  of  an  ice 
keel 

The  macroscopic  structure  of  an  ice  keel  and 
indeed  the  entire  canopy  is  modeled  by  CHOOSKL. 
However  at  high  frequencies  the  microscopic 
structure  or  small  scale  roughness  produced  by 
the  constituent  ice  blocks  of  a  keel  is 
important  and  must  be  considered.  It  is  assumed 
that  all  keels  are  first  year  keels  and  are 
formed  from  rectangular  blocks  of  ice.  Modeling 
the  small  scale  roughness  of  a  keel  is 
accomplished  in  two  steps:  First  an  array  of 
ice  blocks  is  constructed  using  a  combination  of 
measured  data  and  empirical  and  theoretical 
relationships.  Then  the  blocks  are  placed  on 
the  lateral  plane  of  the  keel  defined  by  the 
keel  parameters  determined  by  CHOOSKL. 

An  ice  block  is  described  by  its  geometric 
parameters  i.e.  thickness,  length  and  width  as 
well  as  its  spatia^  orientation  on  the  lateral 
plane  of  the  keel.  The  following  describes  the 
manner  in  which  these  aspects  of  an  ice  block 
are  modeled.  The  mean  ice  thickness  and  area 
for  all  ice  blocks  on  a  keel  are  given  by 

T  -  .  o  o  z <?  (4.1 ) 

and 

</*>  -  /O.  2.  T2- 


respectively  where  ^-s  ^he  keel  draft 
[Mellberg,  Tucker  and  Connors  1985;  Tucker  et. 
al. ,  1984].  It  should  be  noted  that  data  from 
field  observations  has  shown  that  keels  may 
contain  ice  blocks  of  several  thicknesses. 

However,  in  this  work  all  the  ice  blocks  of  a 
keel  have  the  same  thickness  given  in  Eq .  (4.1). 

This  model  is  adopted  as  an  approximation  to 
simplify  calculations.  The  distribution  of 
block  areas  is  assumed  to  be  a  truncated 
Gaussian  with  the  average  block  area  given  by 
Eq.  (4.2)  and  Amin  =  .064  m2,  Araax  =  37.73  m2 

and,A=  U33  <A> ,  where  A  ,  A  and  aA  refer 
to  the  minimum,  maximum  and  standard  deviation 
respectively  of  the  block  area  Gaussian 
distribution.  Similarly  the  distribution  of  the 
width  to  length  raio,  e  ,  is  assumed  to  be  a 
truncated  Gaussian  with  <e  >  =  .646,  fmjn  «  .146,  max 
*  .981  and  vE  =  .077  where  fmin»Emax  and  v £  are 
the  minimum,  maximum  and  standard  deviation 
respectively  of  the  e  Gaussian  distribution. 

The  block  area  A  and  the  ratio  r  are  chosen 
randomly  from  their  respective  distribution 
functions.  After  A  and  t  are  determined,  the 
length  and  width  of  the  rectangular  scattering 
surface  may  be  determined  and  are  given  by 

i  -  \ J /9/e  (4.3) 

and 

w  -  fi/L  (4.4) 

respectively . 

Since  the  target  strength  of  an  ice  block 
depends  on  its  spatial  orientation  with  respect 
to  the  incident  sound  wave,  it  is  important  to 
consider  carefully  the  spatial  orientation  of 
the  block.  Therefore  three  coordinate  systems 
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are  considered;  1)  a  coordinate  system  fixed  on 
the  track  of  the  under-ice  profile  (X^,  Y  ,  Z  ), 
2)  a  coordinate  system  fixed  on  the  keel  ?XK," 
YK*  V  anC*  ^  a  c00rd^nate  system  fixed  on  the 
constituent  ice  blocks  of  the  keel  (X^,  Y^,  Z^) . 
These  coordinate  systems  are  shown  in  figures  2 
and  3.  The  coordinate  system  fixed  on  the  track 
has  its  origin  at  the  track  origin,  its  postive 
Z^-axis  oriented  along  the  track  in  the 
direction  of  the  track  origin  so  that  Z™  is  the 
range  to  the  keel.  The  Y^,-  axis  is  oriented 
vertically  and  the  X^-axis  is  perpendicular  to 
the  Y  -Z_  plane  and  forms  a  right  hand 
coordinate  system.  The  coordinate  system  fixed 
in  the  keel  has  its  origin  at  the  location  of 
the  keel  on  the  track  and  Y^  parallel  to  Y^. 
However  the  X^  and  Zy  axes  are  rotated  about  the 
YT  axis  ^  the  keel  aspect  angle.  The  X^-axis 
is  oriented  along  the  longitudinal  axis  of  the 
keel  and  the  Z^-axis  is  normal  to  the  vertical 
plane  of  the  keel.  The  origin  of  the  block 
coordinate  system  is  at  the  center  of  the  block 
and  initially  the  X^ 
parallel  to  the  Xv 


YB  and 


Zg  axes  are 


K*  aK 


and  Zy  axes  respectively. 


The  Z^-axis  is  normal  to  the  block  face,  the 
®  YB”axis  Paraliei  to  the  block  width  and 

X^-axis  is  parallel  to  the  block  length.  The 
orientation  of  a  block  is  determined  by  a 
sequence  of  three  counter-clockwise  rotations. 
The  block  is  rotated  about  the  X^  axis  by,  an 
angle  /?  ,  about  the  Y^-axis  by  an  angle  <Ph  and 
then  about  the  resultant  Z^-axis  by  an  angle  <f>r  . 
This  sequence  of  rotations  describes  the 
0  orientation  of  the  block  and  the  unit  vectors 

Xg,  Y^  and  ZB  are  given  by 


(4.5a) 

S/as/3  57 /V 9^  *  cos^cos^  J** 

r  yK 

t  cos  <^-S//vy3  “  c'°'3  ^ 


(4.3b) 

-  (cos  S//vy3 

uos^  C^/3/a  a 

t  (  COS  <5^  CoS  cj>^S/A/p>  *  S  /A/  2* 

and 

(4.5c) 


C  o$ft  XH 


s/a//3  -r  c os  <£  coS/3  * 


In  order  to  include  the  fact  that  the 
lateral  plane  of  the  keel  is  inclined  by  the 
slope  angle,  the  angle  P  is  given  bytf  =  ir/2 -0+<£, 
where  <£v  ,  is  an  angle  measured  from  an  axis  v 
normal  to  the  lateral  plane  of  the  keel.  The 
angles  <£.  and  4>r  are  selected  randomly  from  a 
uniform  aistribution  of  angles  between  ir/4  and  »/ 4 
.  tt  ft  is  selected  randomly  from  a  truncated 
Gaussian  distribution  with  <m  Q  >  =  36.6 /3>m.n 
=  0  ,  {*  /?^ix90  and  cr  w  p  =  22.2°.  Finally 

the  projections  of  each  block  along  the 
horizontal  and  vertrical  directions  of  the  keel 
are  calculated.  This  is  necessary  to  pack  the 
blocks  on  the  keel.  The  blocks  are  packed  on  the 
keel  beginning  at  one  end  and  along  the 
uppermost  horizontal  row.  The  row  is  packed 
with  blocks  until  the  sum  of  the  horizontal 
projections  of  the  blocks  equals  the  ridge 
length.  Then  blocks  are  packed  along  the  first 
vertical  column  until  the  sum  of  the  vertical 
projections  of  the  blocks  equals  the  sum  of  the 
upper  and  lower  slant  ranges.  The  numbers  of 
blocks  along  the  horizontal  row  and  vertical 


y  ' 

tK 


3a. 


Rotation  about  X^  by 


Fig.  3.  Block  rotation  angles. 
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with 


column  are  noted.  The  remaining  rows  and 
columns  are  packed  with  the  same  number  of 
blocks  as  the  first  row  and  column.  The 
position  of  each  block  on  the.  keel  is  given  by 
the  horizontal  and  vertical  coordinates  -that  are 
o?r?rbtained  by  summing  all  the  horizontal  and 
vertical  block  projections  respectively  that 
preceed  and  are  on  the  same  row  and  column  as 
the  block  of  interest.  All  block  parameters 
andr  coordinates  are  stored  in  N  by  M  arrays, 
when  N  and  M  are  the  numbers  of  blocks  along  the 
horizontal  and  vertical  rows  respectively. 

B.  Ice  block  target  strength  model 

In  this  work  it  is  assumed  that  an  acoustic 
source  is  located  at  some  depth  below  the  ice 
canopy,  that  all  ice  blocks  are  in  the  far  field 
orf  the  acoustic  source,  and  that  the  far  field 
may  be  approximated  by  a  plane  wave  travelling 
down  the  track  along  the  ZT  axis.  The  plane 
wave  is  refracted  upward  and  makes  an  angle  <f>. 
with  the  horizontal  in  the  plane. 

The  unit  vector  in  the  direction  of 
propagation  of  the  incident  plane  wave  k  ,  is 
given  by 


sv/v? 6.  yl  (4.6) 

c 

-  Cos  <£•  cos  e  £ 

lr  *  IK  * 


/•nrn  -  hLnrrl  .S/A''  COS  X-nrn  4.9a) 


(4-9b) 


C  1  t  fr/fc) cos  / 

(4.10a) 


CoS  ^{yJVu)cos/l. 


n 


^ n  m  ~  '  2.  S/A/  S/A/  Cl.  m )  * 

(4. 1  Ob) 

(  CO  S  tn^  -  (Xr/cs.)  c-oS/3n„) 


When  a  plane  wave  is  incident  upon  a 
rectangular  scatterer,  it  is  necessary  to 
specify  two  angles  to  describe  uniquely  the 
incident  direction.  The  two  angles  of 
incidence  are  *p  and  X  and  are  the  angles  the 
plane  wave  makes  with  the  Z^-axis  and  the 

X  -axis  in  the  X  -Y  plane  respectively.  'P  and  X 
B  v  B  B 

are  given  by 


Cosw  f  co5</,  c.os/3  coses*-  ' 

c  f  h 

r  5/at  .  S/a/^3  J 


(4.7a) 


and 

2- 


CO$  i  |  (/$>/A/  /  {_  C.  05  COS  4>r  -  ©J ) 


005  S/Wr  S^/5coi(9/  j>)  7b) 

y/A/  d>r  c ° J V ' 


It  has  been  assumed  that  the  shape  of  the 
scattering  surface  of  an  ice  block 
is  rectangular.  Therefore  the  target  strength 
of  an  ice  block  is  modeled  as  that  of  a 
rectangular  piston  and  for  the  n,m  block  on  the 
ridge  is  given  by 


/  ^nrr)  ~  >n.  S/r/  Xnrn  ST/s/  Vnm 

a  ynr^ 

COS  Znm 


J1  rr\ 


S//v 


’"I  (  VWvv)  5W  ] 


(4.10c) 


and 

S/A/'1  |  (v^/V^J  S/Ay  (4.10d) 


is  the  wave  length  of  the  incident  acoustic 

plane  wave.  L  ,  W  and  A  are  the  length, 
nm  nm  nm 

width  and  area  respectively  of  the  n,m  block. 

V  and  V.  are  the  shear  and  longitudinal  wave 
s  1 

velocities  in  the  ice  and  V  is  the  sound  velocity 

w 

in  water.  p}  and Pw  are  the  densities  of  ice  and 
water  respectively.  The  expression  for  target 
strength  of  a  rectangular  piston  was  obtained  by 
evaluating  the  Heimholtz-Kirchof f  intergral  in 
the  Kirchoff  approximation.  The  quantity  R^m  is 
the  plane  wave  amplitude  reflection  coefficient 
from  a  water-ice  boundary  [Mayer  et  al. ,  1975]. 

It  should  be  noted  that  K  as  given  in  Eq. 

(4.10a)  does  not  include  any  effects  produced  by 
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scattering  from  small  scale  roughness  that  may 
be  present  on  the  surface  of  the  ice  block  or 
effects  produced  by  the  finite  thickness  of  the 
ice  block.  Further  it  is  assumed  that  the  ice 
block  is  homogeneous  and  isotropic.  Eq.  (4.10a) 
is  recognized  as  a  rather  crude  approximation 
for  the  reflection  coefficient  of  an  individual 
ic^  block,  however  when  the  backscatter  from  — 
10  ice  blocks  is  combined  to  determine  the 
backscatter  from  the  entire  canopy,  Eq.  (4.10a) 
is  assumed  to  be  an  adequate  approximation. 


B. 


Keel  and  canopy  target  strength  models 


The  target  strength  of  a  keel  is  obtained 
from  the  target  strengths  of  its  constituent  ice 
blocks.  The  pulse  width  is  projected  onto  the 
lateral  plane  of  the  keel.  The  target  strengths 
of  all  blocks  in  all  columns  contained  within 
one  half  the  projected  pulse  width  are  added 
coherently  and  the  results  are  stored  in  target 
strength  bins.  The  target  strength  bins  are 
updated  as  necessary  by  contributions  from 
subsequent  keels  as  the  pulse  proceeds  down  the 
track . 


£  The  process  described  above  yields  the 

target  strength  of  a  canopy  composed  of 
acoustically  independent  keels.  However  all  the 
keels  in  the  canopy  are  not  acoustically 
independent.  The  target  strength  of  a  keel  may 
be  reduced  by  acoustic  shadowing  produced  by  the 
preceeding  keel.  It  is  assumed  that  all  the 
target  strength  bins  within  the  geometric  shadow 
9  "the  previous  keel  are  reduced  or  shaded.  The 

number  of  target  strength  bins  that  fall  within 
the  geometric  shadow  of  the  previous  keel  is 
given  by 

ms  -  toooNK/Q<iv^r/z  (4.ii) 


where  r  ; 
of  the  m 
by 


the  pulse  width.  The  target  strength 
shaded  target  strength  bin  is  given 


(4.12) 


where  1 <  m  • 

5.  REVERBERATION  CALCULATION 


The  sonar  equation  is  used  to  calculate  the 
reverberation  at  each  target  strength  bin  and  is 
given  by 


AL  -  7"6  -  zrt  -  DJ.^  -  DTr-  38WUI 

^R  an(^  are  l°S3es  due  to  the  receiver  and 

transmitter  beam  patterns  respectively,  DBW  is 
the  beam  width  correction  factor  and  SL  is  the 
source  level.  The  model  was  used  to  calculate 
the  reverberation  produced  by  three  separate 
pings  along  a  track  beneath  a  high  Arctic  pack 


ice  site.  The  modeled  reverberation  is  plotted 
and  compared  with  measured  reverberation  in 
figures  4a-c.  In  each  case  the  average  modeled 
and  .measured  reverberation  are  in  excellent 
agreement.  However  it  is  evident  that  while 
there  are  some  areas  for  which  the  modeled  and 
measured  reverberation  levels  are  in  excellent 
agreement  there  are  areas  were  they  differ 
significantly.  It  is  conjectured  that  this  is 
due  to  significant  scatterers  that  are  present 
in  the  under-ice  surface  but  are  not  present  in 
the  plane  of  the  acoustic  profile  data  and 
therefore  not  presently  in  the  simulation  model 
either. 


6.  CONCLUSION 


The  above  results  indicate  that  the  bimodal 
simulation  and  three  dimensional  synthesis  of 
the  under-ice  canopy  is  not  only  a 
morphologically  and  geometrically  reasonable 
model  of  the  under-ice  canopy  but  also  an 
acoustically  reasonable  model.  Although  the 
canopy  synthesis  model  a  has  two  arbitrary 
parameters  Cg  and  careful  analysis  and 

comparision  with  data  from  field  observation  has 
shown  that  for  a  physically  reasonable  canopy 
model,  C  and  raay  be  restricted  to  the 

ranges  .?<  Ce<  .5  and  2  mi  3  m 

respectively.  When  the  backseat tering  model 
is  used  to  compute  the  reverberation  levels  for 
C  and  H  pw-rw  in  these  ranges,  it  is  found  that 
tRe  reverberation  levels  are  essentially 
independent  of  the  values  of  Cg  and  H^r^IN* 


However,  it  should  not  be  assumed  that  the 
scattering  model  in  independent  of  the  canopy 
model.  In  fact  it  has  been  observed  that  poor 
canopy  models  and/or  parameter  values  that 
differ  significantly  from  expenmently  measured 
values  are  reflected  in  poor  model 
reverberation.  Present  work  in  this  area  is 
directed  towards  identifying  those  morphological 
and  geometrical  parameters  that  most  strongly 
influence  the  backscatter. 


It  is  evident  from  figures  4a~c  that 
although  some  of  the  approximations  and  models 
included  in  the  backscattering  model  are  rather 
crude,  they  are  indeed  sufficiently  accurate  to 
produce  reasonable  results.  It  is  concluded 
that  this  is  a  direct  consequence  of  the 
enormous  number  of  the  scatterers  that 
contribute  to  the  final  result.  As  a 
consequence  it  is  concluded  that  the  model  is  a 
useful  tool  to  investigate  high  frequency 
under-ice  acoustic  backscattering.  The  model 
may  be  used  to  study  reverberation  levels 
produced  by  various  acoustic  sources  and 
canopies,  as  well  as  to  study  target  strength 
frequency  distributions  and  echo  characteristics 
of  ice  blocks. 
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ABSTRACT 

The  plane-wave  cw  reflection  coefficient 
for  water-borne  acoustic  waves  incident  upon  a 
stratified  ice  cover  is  calculated  for  all  grazing 
angles  and  for  frequencies  from  5  to  30  kHz.  The 
ice  is  modeled  as  an  elastic  solid  composed  of 
homogeneous,  isotropic  layers.  The  effects  of 
features  such  as  ice  thickness,  snow  cover  and  an 
ice-water  transition  region  are  studied  by  using 
parameters  appropriate  to  a  typical  3  meter  winter 
ice  cap  as  a  baseline  condition  and  varying  only 
one  feature  at  a  time  from  this  baseline. 
Calculations  show  that  near  normal  incidence,  the 
reflection  coefficient  is  completely  dependent  upon 
the  compressional  wave  parameters  of  the  ice  since 
coupling  with  shear  modes  is  inefficient  at  these 
angles.  Away  from  normal,  the  reflection 
coefficient  exhibits  strong  dependence  upon 
frequency,  grazing  angle  and  structure  of  the 
ice-water  interface.  This  sensitivity  to  model 
inputs  is  due  to  the  dispersive  nature  of  various 
propagation  modes  in  the  ice. 


1 .  INTRODUCTION 

An  excellent  review  of  previous  studies  of  the 
reflection  of  water-borne  sound  from  flat  arctic 
ice  is  given  by  McCammon  and  McDaniel  (ref,  1),  who 
extended  that  work  by  including  stratification 
within  the  ice,  absorption  of  shear  and 
compressional  waves,  and  a  snow  cover.  The  present 
paper  addresses  similar  issues,  but  for  a  higher 
frequency  range  (5  to  30  kHz)  than  does  the 
McCammon  and  McDaniel  paper  (0.5  to  3  kHz).  The 
acoustical  significance  of  the  transition  region  at 
the  ice-water  interface  is  considered  here  for  the 
first  time. 

The  reflection  coefficient,  R,  defined  as  the 
ratio  of  the  amplitude  of  the  specularly  reflected 
wave  to  the  amplitude  of  the  incident  plane  wave, 
is  calculated  in  this  paper  in  the  same  way  used  by 
McCammon  and  McDaniel.  That  is,  the  ice  is  modeled 
as  being  composed  of  a  series  of  horizontal, 
homogeneous  layers,  each  characterized  by  constant 
values  for  density,  shear  and  compressional  wave 
speeds,  and  shear  and  compressional  wave 
attenuations.  Each  layer  is  assumed  to  contain 
up-going  and  down-going  waves  in  response  to 
excitation  by  an  incident  plane  wave.  Imposition  of 


the  causality  cond'Hon  in  the  air  and  of 
continuity  of  vertical  d ' ~ placement  and  pressure  at 
the  layer  interfaces  results  in  a  matrix  equation 
for  the  wave  amplitudes,  or  specifically  for  the 
amplitude  of  the  water-borne  reflection. 

In  section  2,  we  calculate  R  for  a  homogeneous 
half  space  of  ice  and  for  a  single  homogeneous 
layer  of  ice  between  air  and  water.  Examination  of 
the  results  for  these  simple  physical  models 
facilitates  the  interpretation  of  the  results 
presented  in  section  3  for  more  realistic  ice 
models . 


2 .  FUNDAMENTAL  CONCEPTS 

In  this  section,  we  examine  R  as  a  function  of 
grazing  angle  for  two  highly  simplified  physical 
models  of  the  ice.  The  purpose  of  this  discussion 
is  to  establish  vocabulary  and  to  remind  the  reader 
of  some  fundamental  acoustical  principles  which  are 
used  in  the  next  section  to  interpret  calculation 
results  for  more  realistic  ice  models. 


The  reflection  coefficient  from  a  homogeneous 
half  space  of  ice  is  shown  in  figure  1 .  This 
configuration  was  studied  in  great  detail  by  Mayer, 
Behravesh  and  Plona  (ref.  2).  Throughout  this 
paper,  the  speed  of  sound  in  water  is  assumed  to  be 
1450  m/s.  The  shear  wave  speed  in  the  half  space  of 
ice  is  1900  m/ s  and  the  compressional  wave  speed  is 
3800  m/s.  The  attenuation  constants  are  0.36 
dB/m/kHz  for  shear  and  0.06  dB/m/kHz  for 
compres  s ion . 


The  concept  of  trace  velocity  is  useful  in  the 
physical  interpretation  of  figure  1,  as  well  as  in 
the  interpretation  of  the  results  to  follow. 
Consider  the  horizontal  trace  velocity,  v,  of  the 
incident  wave;  that  is,  the  apparent  phase  velocity 
along  the  horizontal  ice-water  interface.  For  a 
grazing  wave,  v  is  simply  the  speed  of  sound  in 
water.  For  normal  incidence,  v  is  infinite,  since 
there  is  zero  time  delay  between  the  pressure 
observed  at  any  two  points  on  the  interface.  In 
general,  v  is  equal  to  the  speed  of  sound  in  water 
divided  by  the  cosine  of  the  grazing  angle  of  the 
incoming  wave.  Equivalently,  v  could  be  defined  as 
the  radial  acoustic  frequency  divided  by  the 
horizontal  wave  number.  Since  there  is  no  mechanism 
for  changing  the  horizontal  wavenumber  in  a 
horizontally  stratified,  linear  medium,  the 
horizontal  trace  velocity  must  be  preserved  as  the 
disturbance  propagates  into  the  ice.  It  follows 
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that  in  any  layer  with  wave  speeds  higher  than  v,  a 
propagating  wave  cannot  be  excited;  that  is,  even 
in  the  absence  of  attenuation,  any  excited 
disturbance  would  decay  exponentially  in  the 
vertical  direction  through  this  layer.  Nonetheless, 
such  a  layer  may  transmit  a  signigicant  amount  of 
energy  if  it  is  relatively  thin  and  is  backed  by  a 
low-velocity  medium. 

For  the  half  space  of  ice  used  here,  v  is  less 
than  either  of  the  wave  speeds  in  the  ice  for 
grazing  angles  less  than  40  degrees.  Thus,  little 
wave  energy  can  be  transferred  to  the  ice,  and  R  is 
near  unity  for  these  angles  (see  fig.  1).  At  40 
degrees,  coincidence  occurs  between  v  and  the  shear 
speed,  so  that  propagating  shear  waves  can  be 
excited  at  this  and  higher  grazing  angles.  Figure  1 
shows  a  large  drop  in  R  near  40  degrees  due  to  the 
transfer  of  a  significant  fraction  of  the  incoming 
energy  to  shear  waves  in  the  ice. 

At  normal  incidence,  there  is  no  mechanism  for 
exciting  shear  waves  in  a  perfectly  stratified  ice 
sheet.  Hence,  the  normal  incidence  reflection 
coefficient  depends  only  upon  the  compressional 
behavior  of  the  ice.  Since  R  is  nearly  constant 
from  just  above  the  compressional  coincidence  angle 
(68  degrees  in  this  case)  up  to  90  degrees,  we 
surmise  that  shear  waves  are  not  significantly 
excited  over  this  range  of  angles. 

Note  that  the  lack  of  any  vertical  scale 
length  in  the  model  composed  of  two  half  spaces 
results  in  frequency  independence  of  the  reflection 
calculations . 

Next,  consider  a  finite  thickness  of  ice 
between  water  and  air.  Figure  2  shows  R  at  15  kHz 
for  a  0.8  ra  thick,  homogeneous  layer  of  ice.  The 
ice  properties  are  the  same  as  for  the  ice  half 
space  discussed  above,  and  the  speed  of  sound  in 
air  is  331  m/s. 

In  figure  2,  R  reaches  an  absolute  minimum 
near  40  degrees,  but  significant  loss  begins  to 
occur  below  30  degrees.  Apparently,  the  ice  is  thin 
enough,  about  6  shear  wavelengths,  to  transmit 
energy  into  the  low-velocity  air,  even  below  the 
shear  coincidence  angle.  The  bumpy  nature  of  the 
reflection  plot  is  due  to  the  presence  of  many 
propagation  modes  in  the  ice.  Each  mode  obeys  a 
different  dispersion  relation,  which  can  be 
expressed  as  horizontal  trace  velocity  vs 
frequency.  As  the  grazing  angle  of  a 
constant-frequency  incident  wave  increases,  v 
increases  and  coincidence  with  the  trace  velocities 
of  the  various  modes  is  achieved  in  turn.  Coupling 
of  the  incident  wave  with  any  given  mode  is 
optimized  at  that  mode's  coincidence  angle, 
producing  a  relative  minimum  in  the  plot  of  R  vs 
grazing  angle.  The  irregular  pattern  of  the  curve 
near  60  degrees  implies  significant  coupling 
between  shear  and  compressional  waves  in  the  ice 
for  these  angles. 

The  high  value  of  R  at  normal  incidence  for 
the  finite  ice  layer  is  the  result  of  the  large 
impedence  discontinuity  between  ice  and  air. 


3. 

Now  we  look  at  ice  which  has  variable 
properties  in  the  vertical  direction.  First,  we 
define  a  baseline  acoustic  profile  and  then  vary 
one  Charac teris t ic  of  the  profile  at  a  time  to 
determine  the  importance  of  that  characteristic  in 
the  calculation  of  R.  The  wave  speeds  for  shear  and 
compression  used  in  the  baseline  model,  as  shown  in 
figure  3,  -are  intended  to  be  representative  of  a  3 
m  thick  arctic  ice  cap  in  winter.  Gavrilo,  Gusev 
and  Nikitin  (ref.  3)  give  measured  wave  speed 
profiles  for  the  main  portion  of  the  ice,  which  we 
call  hard  ice,  and  Bogorodskii,  Gavrilo  and  Nikitin 
(ref.  4)  measured  sound  speeds  in  formative  ice, 
which  makes  up  the  ice-water  transition  region.  The 
veritical  extent  of  the  sound  speed  minimum  in  the 
ice  skeletal  layer  is  exagerated  in  figure  3  to 
emphasize  its  existance.  In  the  calculations,  the 
sound  speed  in  the  ice  is  below  that  of  water  for 
the  first  0.9  cm,  and  no  shear  is  permitted  in  the 
ice  for  the  first  2.8  cm. 

For  the  sake  of  sirapicity,  the  attenuation 
constants  for  shear  and  compressional  waves  are 
taken  to  have  the  constant  values  of  0.36  and  0.06 
dB/m/kHz,  respectively.  These  are  the  values  used 
by  McCammon  and  McDaniel  (ref.  1)  for  a  temperature 
of  -6  degrees  Celsius.  Calculations  not  reported 
here  indicate  that  the  relaxation  of  this 
assumption  would  not  affect  the  qualitative 
conclusions  which  follow. 

Calculation  results  for  the  baseline  model  are 
presented  in  figure  4  as  a  waterfall  display  of  R 
vs  grazing  angle  with  frequency  going  from  5  to  30 
kHz  in  0.2  kHz  steps.  The  bottom  curve,  for  5  kHz, 
shows  characteristics  of  both  infinite  and  finite 
ice.  The  3  m  thickness  is  sufficient  at  this 
frequency  that  little  energy  is  transmitted  through 
the  ice  for  grazing  angles  well  below  the  shear 
coincidence  angle  associated  with  the  fastest  part 
of  the  ice  (40  degrees).  The  oscillations  of  R  just 
above  40  degrees  indicate  that  many  shear  modes  are 
cut  on  in  the  ice  slab.  A  large  dip  in  R  at  68 
degrees  clearly  marks  the  compressional  coincidence 
angle,  and  several  compressional  or  mixed  ice  slab 
modes  cause  subsequent  dips  as  normal  incidence  is 
approached . 

As  the  frequency  increases,  the  modal 
coincidence  angles  migrate  downward  because  of  the 
dispersive  nature  of  the  ice  slab  modes.  Also,  the 
effects  of  the  shear  modes  die  out  because  of  the 
large  shear  attenuation,  which  increases  with 
frequency.  It  is  paradoxical  that  an  increase  in 
wave  attenuation  in  the  ice  causes  less  reflection 
loss.  The  explanation  for  this  is  that  large 
attenuation  effectively  eliminates  ineraction 
between  the  top  and  bottom  of  the  ice  so  that  modes 
no  longer  exist.  If  shear  modes  are  absent,  then 
the  incident  wave  cannot  transfer  energy  into  them. 
Thus,  an  important  contributor  to  reflection  loss 
is  eliminated. 

Two  other  effects  of  increasing  frequency  are 
observed.  First,  the  effective  fundamental  shear 
and  compressional  coincidence  angles  decrease  as 
more  wavelengths  are  contained  within  the  slower 
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transition  layers.  Also,  new  modes  appear  below  the 
fundamental  coincidence  angle  which  must  be  edge 
modes  propagating  in  the  ice-water  transition 
region. 

With  a  20  cm  layer  of  snow  added  to  the  top  of 
the  baseline  ice  model,  there  is  no  qualitative 
change  in  the  waterfall  display  of  R  (not  shown  for 
the  sake  of  brevity).  At  the  highest  frequencies, 
the  curves  are  identical,  and  at  the  lower 
frequencies,  the  only  change  is  in  the  details  of 
the  dispersion  of  the  modes  above  the  compressional 
coincidence  angle. 

In  another  calculation  (fig.  5),  the  air-ice 
transition  and  the  air  are  eliminated,  with  the 
fastest  ice  layer  becoming  a  half  space.  As 
expected,  all  the  features  previously  identified 
with  the  finiteness  of  the  ice  are  no  longer 
present.  We  still  see  the  effects  of  the 
fundamental  coincidence  angles  for  shear  and 
compression  and  of  the  modes  associated  with  the 
ice-water  transition. 

Figure  6  shows  the  results  for  the  baseline 
model  minus  the  ice-water  transition  region.  Here, 
the  compressional  wave  speed  jumps  from  1450  m/s  in 
water  to  3300  m/s  in  the  adjacent  ice  layer  instead 
of  transitioning  more  gradually  over  several 
layers.  The  shear  wave  speed  in  the  bottom  ice 
layer  is  1650  m/s.  The  coincidence  angle  for 
transmission  from  the  water  into  a  half  space  with 
a  1650  m/s  wave  speed  would  be  29  degrees,  and  the 
observed  coincidence  for  shear  drifts  down  toward 
this  value  as  the  incident  wavelength  decreases 
(frequency  increases).  However,  the  absence  of  the 
soft  ice,  arbitrarily  defined  as  ice  having  a 
compressional  wave  speed  below  3300  m/s,  results  in 
the  disappearance  of  the  more  dispersive  transition 
modes.  Also,  shear  modes  seem  to  couple  better  with 
the  incident  wave  around  60  degrees  in  the  absence 
of  the  transition. 

In  the  baseline  model,  the  shear  speed  is  zero 
in  the  bottom  2.8  cm  of  ice,  and  it  then  jumps  up 
to  1250  m/s.  We  feel  that  there  is  some  ice  near 
the  interface  which  does  not  support  shear,  but  we 
do  not  know  what  a  representative  thickness  is  or 
how  to  transition  from  no  shear  to  hard  ice. 
Therefore,  a  case  is  presented  (fig.  7)  in  which 
the  baseline  model  is  modified  only  in  that  the 
shear  speed  is  zero  in  the  bottom  1.4  cm  of  ice  and 
then  increases  in  steps  to  200,  600  and  900  m/s. 
Above  2.8  cm,  the  model  is  unchanged  from  the 
baseline.  Comparing  the  calculated  values  of  R  for 
this  model  (fig.  7)  with  those  for  the  baseline 
model  (fig.  4),  we  see  no  difference  above 
compressional  coincidence,  but  a  large  difference 
below  it.  Not  only  do  the  transition  modes  exhibit 
very  different  dispersion,  but  the  presence  of  the 
very  low  velocity  layers  seems  to  greatly  impede 
coupling  of  the  incident  wave  into  the  shear  modes 
that  propagate  primarily  in  the  hard  ice.  Thus,  how 
shear  is  modeled  in  the  relatively  small  transition 
region  can  have  a  tremendous  impact  on  the 
calculated  values  of  R,  especially  at  small  grazing 
angles  and  high  frequencies. 


4. 

There  are,  of  course,  many  important  ice 
features  which  have  been  ignored  in  the  above 
calculations.  These  include  anisotropy, 
inhomogeneity  and  departures  from  perfect 
stratification  (roughness).  The  inclusion  of 
anisotropy  would  produce  only  slight  shifts  in  the 
dispersion  curves  for  the  various  ice  plate  modes 
(ref.  5)  and  would  not  change  the  qualitative 
observations  of  the  previous  sections.  On  the  other 
hand,  inhomogeneities  and  roughness  could  be  such 
strong  scatterers  tnat  coupling  into  the  ice  modes 
would  be  virtually  eliminated.  The  consideration  of 
such  inhomogeneities  as  brine  pockets,  drainage 
channels  and  air  bubbles  is  beyond  the  scope  of 
this  paper,  but  a  preliminary  look  at  roughness 
f ol lows . 

We  report  here  on  the  initial  results  of  a 
study  of  the  effects  of  ice  roughness  on  the  R. 
These  calculations  are  made  using  a  fast  field 
program  developed  at  the  NATO  SACLANT  ASW  Research 
Center  (ref.  6).  This  computer  code  permits  the 
specification  of  an  rms  roughness  at  any  or  all  of 
the  layer  interfaces. 

First,  we  take  the  baseline  ice  model  but 
eliminate  all  of  the  layers  in  the  ice-water 
interface  region  which  have  compressional  wave 
speeds  below  2600  m/ s .  The  solid  line  in  figure  8 
is  the  reflection  loss  vs  grazing  angle  for  an  8.5 
kHz  excitation  and  no  roughness.  (Note  that  the 
ordinate  in  figures  8  and  9  is  reflection  loss  in 
dB  rather  than  the  linear  plot  of  reflection 
coefficient  used  in  previous  figures:  loss  *  -20 
log  R  ♦ )  The  dashed  curve  is  for  the  same  case 
except  that  an  rms  roughness  of  0.5  cm  is  imposed 
at  the  ice-water  interface.  The  effect  of  this 
slight  roughness  is  to  increase  the  loss  at  most 
angles  below  the  compressional  coincidence  angle 
for  the  fastest  ice  layer  (68  degrees).  The  largest 
increase  in  the  loss  is  just  below  30  degrees, 
where  the  incident  plane  wave  couples  into  an  edge 
mode  in  the  ice.  Larger  loss  with  roughness  is  as 
expected,  since  it  seems  resonable  that  the  primary 
effect  of  the  roughness  would  be  to  scatter  the 
incident  wave. 

A  curious  result  is  shown  in  figure  9,  where 
the  addition  of  roughness  greatly  reduces  the  loss 
at  shallow  grazing  angles.  In  this  case,  all  layers 
of  the  baseline  ice  model  are  included,  and  the 
shear  wave  speed  is  tapered  gradually.  The  last  ice 
layer  which  supports  shear  has  a  shear  speed  of  20 
m/s  and  a  compressional  wave  speed  of  2200  m/s.  A 
roughness  of  0.5  cm  rms  is  imposed  on  the  bottom  of 
this  layer,  not  on  the  softer  ice  below  it. 
Apparently,  the  roughness  works  in  some  unknown  way 
in  this  particular  case  to  impede  the  coupling  of 
the  incident  wave  with  both  of  the  transition  modes 
evident  in  the  zero  roughness  case  of  figure  9. 
Because  these  are  preliminary  calculations,  we  draw 
no  conclusions  about  their  typicality. 


5.  DISCUSSION 

The  effect  of  the  ice-water  transition  region 
on  the  plane-wave  reflection  coefficient  of  flat 
sea  ice  is  considered  here  for  the  first  time.  The 
fundamental  nature  of  the  reflection  process  is 
unchanged  by  the  presence  of  the  transition.  That 
is,  only  compressional  waves  are  excited  in  the  ice 
when  the  incident  wave  is  near  normal,  but  shear 
properties  dominate  the  process  at  grazing  angles 
below  compressional  coincidence  for  the  hard  ice. 
Also,  dips  in  the  plot  of  R  vs  grazing  angle  occur 
when  the  horizontal  trace  velocity  of  the  incoming 
wave  matches  that  of  some  propagation  mode  in  the 
ice  plate.  Since  the  ice  modes  are  dispersive, 
their  horizontal  trace  velocities,  and  therefore 
the  positions  of  the  dips  in  the  plot  of  R,  may  be 
sensitive  to  small  changes  in  frequency,  ice 
thickness  and  wave  speed  structure  in  the  ice. 
Thus,  in  general,  precise  knowledge  of  ice 
properties  is  required  to  accurately  predict  R  for 
a  given  frequency  and  grazing  angle. 


Even  though  the  transition  region  does  not 
change  the  nature  of  the  reflection  process,  it 
does  have  a  profound  influence  on  it  in  two  ways. 
First,  new  modes  are  introduced  which  propagate 
primarily  within  the  transition  region.  Since  the 
shear  speed  is  less  than  the  sound  speed  in  water 
over  much  of  the  transition,  these  transition  modes 
may  be  excited  all  the  way  down  to  zero  grazing 
angle.  Second,  the  transition  region  may  enhance  or 
impede  the  coupling  of  the  incident  wave  with  the 
thichness  modes  of  the  ice.  Both  of  these  effects 
are  very  sensitive  to  the  details  of  how  the  shear 
speed  is  tapered.  We  feel  that  the  skeletal  layer 
(the  bottom  two  cm  or  so  of  the  ice)  does  not 
support  shear,  but  we  do  not  know  the  appropriate 
shear  speed  profile  to  represent  the  soft  ice 
between  the  skeletal  layer  and  the  hard  ice.  The 
results  presented  here  show  that  such  knowledge  is 
required  to  determine  the  effects  of  the  transition 


region  on  the  plane  wave  reflection  coefficient. 
Since  these  effects  may  be  large,  knowledge  of  the 
shear  properties  of  the  soft  ice  should  be  sought. 
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Figure  1.  Reflection  Coefficient  vs  grazing  angle  for  a  water-borne  plane  wave 
incident  upon  a  half  space  of  ice.  Ice-to-water  density  ratio  =  0.9,  water  sound 
speed  =  1450  m/ s ,  ice  compressional  wave  speed  -  3800  m/s,  ice  shear  speed  = 

1900  m/s. 
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Figure  2.  Reflection  coefficient 
plane  wave  incident  upon  a  0.8  m 
half  space  of  air.  The  water  and 
and  the  speed  of  sound  in  air  is 


vs  grazing  angle  for  a  water-borne,  15  kHz 
thick  homogeneous  ice  plate  bounded  above  by  a 
ice  properties  are  the  same  as  for  figure  1, 
331  m/s. 


WAVE  SPEED  (M/S)  • 


Figure  3.  Wave  speed  profiles  for  the  baseline  ice  model,  representative  of  3m 
thick  sea  ice  in  the  winter.  The  vertical  extent  of  the  sound  speed  minimum  in 
the  skeletal  layer  is  exagerated.  See  the  text  for  a  full  explanation. 
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GRAZING  ANGLES 


Figure  4.  Waterfall  display  of  reflection  coefficient  vs  grazing  angle 
for  the  baseline  ice  model  shown  in  figure  3.  Frequency  is  the  offset 
parameter,  with  a  curve  shown  for  every  0.2  kHz  interval  between  5  and 
30  kHz. 
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Figure  5.  Waterfall  display  of  reflection  coefficient  vs  grazing  angle 
for  an  ice  model  identical  to  the  baseline  model  of  figure  3  up  to  the 
layer  with  the  maximum  compressional  wave  speed  (3800  m/s).  Above  that 
level,  this  model  consists  of  a  homogeneous  half  space  of  ice  having 
the  same  properties  as  that  layer. 
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Figure  6.  Waterfall  display  of  reflection  coefficient  vs  grazing  angle 
for  an  ice  model  identical  to  the  baseline  model  of  figure  3  except 
that  the  ice  layers  in  the-  ice-water  transition  region  having 
compressional  wave  speeds  below  3300  m/s  are  omitted. 
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,  Waterfall  display  of  reflection  coefficient  vs  grazing  angle 
ice  model  identical  to  the  baseline  model  of  figure  3  except 
idditional  1.4  cm  of  the  ice-water  transition  region  is 
;o  support  shear. 
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•  Figure  8*  Reflection  loss  vs  grazing  angle  at  8.5  kHz  for  an  ice  model 

similar  to  the  baseline  model  of  figure  3  except  that  the  ice  layers 
in  ice-water  transition  region  having  compressional  wave  speeds  below 
2600  m/ s  are  omitted.  Results  are  shown  with  (-  —  — )  and  without 
(  )  a  roughness  of  0.5  cm  rms  at  the  ice-water  interface. 


Figure  9.  Reflection  loss  vs  grazing  angle  at  8.5  kHz  for  an  ice  model 
similar  to  the  baseline  model  of  figure  3,  with  (-  -  -)  and  without 
(  )  a  roughness  of  0.5  cm  rms  imposed  on  the  lowest 
shear-supporting  layer. 
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ABSTRACT 

The  use  of  penetrators  for  making  in-situ  measure¬ 
ments  of  ice  properties  in  the  Arctic  region  is 
studied  in  this  paper.  Methods  of  generating, 
monitoring  and  analyzing  waves  in  the  ice  layer 
are  presented  and  discussed  in  detail.  Mathemati¬ 
cal  analysis  on  the  use  of  measured  waves  to 
estimate  the  acoustic  impedance  distribution  in 
the  ice  layer  is  also  presented.  Our  analysis 
shows  that  it  is  feasible  to  use  a  group  of 
penetrators  for  in-situ  measurements  of  the  ice 
properties. 


1.  INTRODUCTION 

The  objective  of  this  project  is  to  study  the 
feasibility  of  using  penetrators  for  in-situ 
measurements  of  the  acoustical  properties  of  ice 
in  the  Arctic  region.  Due  to  the  severe  environ¬ 
ment  and  the  remoteness  of  the  region,  it  would 
be  uneconomical  and  impractical  to  send  teams  to 
conduct  frequent  measurements.  This  prompts  the 
idea  of  using  a  group  of  remotely  controlled 
penetrators  as  an  alternative  means  of  performing 
the  required  in-situ  measurements. 

A  group  of  instrumented  ice  penetrators  can  be 
deployed  by  air  to  the  region  to  be  studied.  The 
penetrator  can  be  designed  so  that  it  penetrates 
several  feet  into  the  ice  mass  leaving  an  antenna 
section  on  the  surface  to  communicate  with  the 
control  station.  The  penetrators  should  be 
equipped  with  an  acoustic  (or  seismic)  signal 
generator  and  a  receiver  for  conducting  the 
required  experiments.  They  should  also  be  equipped 
with  a  radio  signal  receiver  and  transmitter  for 
receiving  signals  from  the  control  station  to 
start  the  experiment,  and  to  transmit  data  back 
to  the  station  for  analysis. 

Using  penetrators  to  make  in-situ  measurements  has 
the  following  advantages. 

1)  It  is  more  economical  than  sending  teams  to 
the  site. 

2)  Since  the  instruments  inside  the  penetrator 
are  below  the  ice  surface,  they  are  pro¬ 
tected  from  the  severe  Arctic  environment. 

The  penetrator  can  thus  be  left  at  the  site 


for  long  periods  of  time  allowing  data 

collection  over  several  seasons. 

The  design  of  the  ice  penetrators,  either  based 
on  impact  or  heating,  has  been  a  much  studied 
subject, 1  and  will  not  be  repeated  here.  Instead, 
in  this  paper,  the  discussion  will  focus  on  the 
means  of  generating  a  proper  signal,  and  on  the 
data  analysis  method  for  deducing  the  desired  ice 
properties  via  the  measured  wave  motion. 

A  brief  description  of  the  penetrators  and  their 
deployment  is  presented  in  Section  2.  Methods  for 
generating  the  proper  signals  for  measuring  the 
material  properties  are  presented  in  Section  3. 
Procedures  for  data  analysis  are  presented  in 
Section  4.  An  analytical  study  regarding  the  use 
of  measured  wave  motion  to  determine  the  acoustic 
impedance  distributions  in  a  non-homogeneous 
medium,  such  as  ice,  is  presented  in  Section  5. 
Finally,  a  brief  discussion  regarding  the  feasi¬ 
bility  of  using  penetrators  for  making  the  in-situ 
measurements  is  presented  in  the  concluding 
section,  Section  6. 

2.  PENETRATORS  AND  THEIR  DEPLOYMENT 

Figure  1  shows  a  conceptual  sketch  of  an  impact 
penetrator  and  a  heat  penetrator.  Both  penetrators 
have  their  instrument  sections  buried  in  the 
interior  of  the  ice  mass  leaving  an  antenna  at  the 
surface  for  communication.  Using  the  pulse-echo 
method,  a  single  penetrator  should  be,  in 
principle,  sufficient  for  the  material  property 
measurements.  The  ice  is,  however,  known  to  be  a 
non-homogeneous  and  anisotropic  material^  and  in 
the  high  frequency  range,  the  ice  is  also  known  to 
attenuate  acoustical  waves.  To  illustrate  this 
attenuative  property  of  ice,  a  plot  of  wave  ampli¬ 
tude  attenuation  versus  frequency  is  reproduced  in 
Fig.  2.3  In  view  of  these  properties,  it  is  clear 
that,  for  obtaining  a  complete  description  of  the 
properties  in  a  region,  a  group  of  penetrators  will 
be  required.  Figure  3  shows  the  deployment  of  a 
group  of  penetrators.  A  near-surface  penetrator  is 
used  as  the  wave  (or  signal)  generator.  The 
receiving  penetrators  are  deployed  at  different 
depths  and  distances  for  receiving  waves  emitted 
from  the  generator.  The  distance  between  pene¬ 
trators  should  be  designed  so  that  they  are  con¬ 
sistent  with  the  frequency  range  and  attenuation 
of  the  waves  to  be  studied. 


ATTENUATION  -  db/m 


3.  METHOD  FOR  GENERATING  AND  RECORDING  SIGNALS 


FIGURE  1 

IMPACT  AND  HEAT  ICE  PENETRATORS 


FIGURE  2 

COMPRESSIONAL  WAVE  ABSORPTION  IN  NATURAL  AND 
LABORATORY  GROWN  SALINE  ICE  AT  -6°C  AND  IN 
GLACIAL  ICE  NEAR  ITS  PRESSURE  MELTING  POINT 


After  the  penetrators  are  properly  deployed,  the 
experiment  can  be  started  by  a  command  signal. 

Since  ice  is  an  attenuative  medium,  signals  of 
sufficient  strength  are  required.  The  required 
compressional  (P),  horizontal  shear  (SH),  and 
surface  waves  (R)  can  be  generated  by  the  following 
arrangements. 

1)  Referring  to  Fig.  4,  the  compressional  (P)  and 
surface  waves  (R)  can  be  generated  by  igniting  an 
electric  spark,  or  by  bursting  an  air  bubble  at 
the  nose  tip  of  the  penetrator.  The  pulse  gener¬ 
ated  by  a  spark,  in  general,  contains  many  high 
frequency  waves.  The  center  frequency  of  a  pulse 
generated  by  a  spark  of  2000  Vdc  is  approximately 
80  kHz  depending  upon  the  distance  between  the 
spark  gap.  The  center  frequency  of  a  pulse 
generated  by  bursting  an  air  bubble  is,  however, 
much  lower  than  that  generated  by  an  electric 
spark.  '  By  bursting  a  dental  rubber  bubble  in  a 
water  tank,  this  author  has  recorded  a  pulse  with 
center  frequency  near  1  kHz.  We  estimate  that,  by 
bursting  the  bubble  by  different  means,  one  should 
be  able  to  generate  a  pulse  with  center  frequency 
ranging  from  500  Hz  to  1.5  kHz.  Referring  to 

Fig.  3  again,  the  so-generated  pulse  is  received  as 
a  compressional  wave  by  the  penetrators  located  at 
position  P]  and  ?2»  The  pulse  will  be  received  as 
a  surface  wave  (with  P  and  S  precursors)  by  the 
penetrators  deployed  at  R]  and  R2.  Furthermore, 
the  motion  recorded  by  receivers  5]  and  So,  placed 
at  a  distance  from  the  sources,  are  the  plate  waves 
in  the  ice  layer. 

2)  In  the  petroleum  industry,  horizontal  shear 
(SH)  waves  in  a  rock  mass  are  generated  by 
impacting  the  wall  of  a  shallow  pit  on  the  surface 
with  a  hammer  or  with  explosives.  In  an  ice  pene¬ 
trator,  such  shear  waves  can  be  generated  by 
impacting  the  ice  wall  horizontally  with  a  plunger 
activated  by  an  electrical  solenoid  as  illustrated 
in  Fig.  4.  The  motion  monitored  at  position  H] 
and  H2  by  the  receivers  with  their  sensitive  axis 
aligned  horizontally  are  the  SH-waves  in  the  ice 
mass. 


(SURFACE  WAVE  SENSORS) 


FIGURE  3 

DEPLOYMENT  OF  A  GROUP  OF  PENETRATORS 
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FIGURE  4 

WAVE  GENERATING  PENETRATOR 


4.  ANALYSIS  OF  THE  RECORDED  WAVES 

The  recorded  waves  can  be  accelerations  or 
pressures.  The  sensitive  axis  of  the  wave  sensors 
should  be  carefully  aligned  according  to  the 
characteristics  of  the  waves  to  be  measured.  For 
example,  the  sensitive  axis  of  the  transducer 
should  be  aligned  in  the  horizontal  direction  for 
the  SH-wave  measurement,  while  its  sensitive  axis 
should  be  aligned  in  the  vertical  direction  for 
the  P-wave  measurements. 

Two  wave  transducers  are  used  to  monitor  the  wave 
motions.  Assume  that  an  impulsive  motion  of  form 
f(t)  is  generated  at  the  point  of  impact.  The 
pulse,  after  traveling  distances  x-|  and  x2,  is 
monitored  by  transducers  placed  at  these  positions. 
The  wave  amplitude  and  phase  velocity  relationship 
between  these  two  measured  waves  can  be  written 
as4 


Amplitude  ratio 


f2Kx2) 

F i  ( ^, x.| ) 


and 

v(w) 


co( X2~X-| ) 


(1) 

(2) 


In  the  equations  above,  to  is  the  angular  frequency, 
R(oo,x)  and  I(to,x)  are  the  real  and  imaginary  com¬ 
ponents  of  the  Fourier  transform  of  the  measured 
wave  motion  f(t,x),  and  the  integer  n  must  be  so 
chosen  that  Eq.  (2)  yields  a  continuous  phase 
velocity  and  frequency  relationship.  With  proper 
digital  recording  instruments,  the  Fourier  trans¬ 
form  of  the  recorded  waves  and  the  necessary  com¬ 


putations  for  the  construction  of  the  attenuative 
and  dispersive  relationship  of  the  medium  can  be 
performed  with  a  high  speed  computer.  This  method 
was  applied  successfully  by  this  author  in  the 
study  of  dispersion  of  the  longitudinal  and  bending 
waves  in  a  circular  rod  as  well  as  the  dispersion 
of  surface  waves  in  a  layered  medium. 5 

A  proper  mathematical  model  regarding  the  acous¬ 
tical  properties  of  the  medium  can  thus  be  con¬ 
structed  based  on  these  measured  wave  characteris¬ 
tics.  A  procedure  of  analyzing  is  suggested  in 
Fig.  5.  An  iterative  process  on  the  material 
properties  must  be  employed  so  that  the  wave's 
characteristics  predicted  by  the  mathematical 
model  is  in  reasonable  agreement  with  that  deduced 
from  the  measured  wave  motion. 


FIGURE  5 

FLOWCHART  OF  ANALYSIS 


5.  ESTIMATION  OF  THE  IMPEDANCE 
DISTRIBUTION  IN  A  MEDIUM 
USING  THE  REFLECTED  WAVES 

In  the  following  analysis,  the  medium  is  regarded 
as  one  made  of  many  thin  layers,  as  shown  in  Fig.  6. 


AIR 


x 


1 


X 


2 


x3 


P2  >  c2 


^3 '  c3 


T7 


P4,  c4 


FIGURE  6 

A  LAYERED  MEDIUM 


For  plane  wave  motions,  the  equation  of  motion  in 
the  ith  layer  can  be  written  as: 

c?u^  +  u?u-  =  0  (3) 

where  c-j  is  the  wave  speed  and  oj  is  the  angular 
frequency.  The  solution  of  this  equation  has  the 
form: 
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where  kj  is  the  wave  number,  and  A-j  and  are  the 
integration  constants. 

The  continuity  requirement  of  displacements  and 
stresses  at  the  interface  between  the  (i-l)th  and 
the  ith  layer  yields  the  following  equations: 


We  now  assume  that  the  layer  thickness  is  so  thin, 
and  that  the  material  property  differences  between 
the  adjacent  layers  are  so  small  that  the  medium 
may  be  regarded  as  a  continuum  with  a  varying 
property  in  one  direction.  One  can,  thus,  replace 
R+  with  R ( x )  in  Eq.  (13). 


iki-ixi  -iki-ixi  ikixi  -1-1 
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where  p.  is  the  mass  density  of  the  ith  layer.  By 
letting 


Bi  „-2ikixi 
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_  Bi  -21k1x1.1 
Ri  '  ST  e 


reflection  coefficient  at 
the  upper  endpoint  of  the 
ith  layer 

reflection  coefficient  at 
the  lower  endpoint  of  the 
ith  layer  (7) 


A.  i(k.-k.  ,)x.  transmission  coef- 
Tj  =  ^ — e  ,  ficient  from  (i-l)th 

1-1  to  the  ith  layer 

the  following  identities  can  be  obtained: 
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Using  the  assumptions  that  the  layers  are  thin, 
and  the  material  property  differences  between 
adjacent  layers  are  small,  Eqs.  (9)  and  (10)  can 
be  expressed  by  the  following  differential  forms 
after  dropping  the  higher  order  terms: 


In  order  to  simplify  the  analysis,  we  note  that  R 
is  the  amplitude  ratio  of  the  reflected  and  trans¬ 
mitted  waves.  For  a  medium  such  as  ice,  we  expect 
R  to  be  a  small  number.  We  thus  drop  the  R^  term 
in  Eq.  (13),  and  rewrite  the  equation  as  follows: 
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Introducing  a  new  variable 
x 

T  =  / 


dx 

c[xT 


Eq.  (14)  can  be  transformed  to  the  form 

cF  +  2ia)R  =  71  3?  • 

The  solution  of  this  equation  is 
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(15) 


(16) 


(17) 


where  D  is  an  integration  constant  to  be  deter¬ 
mined  from  the  boundary  condition. 

Taking  a  special  case,  we  assume  that  at  x-L  the 
waves  are  transmitted  into  the  slurry  between  the 
ice  layer  and  the  water.  This  implies  that  there 
is  no  wave  reflection  at  x=L,  i.e.,  R=0  at  x=L. 
Applying  this  condition,  Eq.  (17)  becomes 


R  (u)iT)  =  -e"iarr 
where 


rTi 

/  J2iot  1  dz  , 

J  e  2z"  dr"  d*^  08) 


,-r 


dx 

c(x) 


(19) 


^•  =  1+i7^§4x 


„  _  1  dz 

ri  -  -  zzr  asr Ax 


on 

(12) 


At  x=0  (i.e.,  t=0),  R(u,t)  can  be  written  as 

„Ti 


R(< 


3,0)  =  -  f  L  e1 

Jo 


2u3T  1  dz  . 
2ld7dT 


(20) 


Substituting  Eqs,  (11)  and  (12)  into  Eq.  (8),  one 
obtains  the  following  Ricatti's  equation  after 
some  algebraic  manipulations: 


An  equation  relating  the  amplitude  of  the  reflected 
and  the  incident  waves  at  x=0  to  R(w,0)  can  be 
obtained  by  setting  x=0  in  Eq.  (7),  i.e., 
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»<“•<»  ■  !tes} 


(21) 


The  displacement  at  the  surface  x=0- caused  by  the 
reflected  wave  therefore  has  the  form 


uR(t,0) 


i  / 

•'-00 


B(u),0)  elu)^  dw 


(22) 


Substitution  of  Eqs.  (20)  and  (21)  into  (22)  yields 


uR(t,0)  =  -  27 


00 

/ 


A(u,0)  R(u,0)  elut  dui 


1 

57 


[  L  1  dz  H 

co 

x  f  A(u,0)  dw 

-oo 

rTL 

I  57  3?  vi(t-2T,0)dT  . 


(23) 


Equation  (23)  relates  the  reflected  waves  to  the 
incident  waves  at  x=Q.  Thus,  by  measuring  the 
reflected  and  incident  waves  at  that  surface,  i.e., 
uR(0,t)  and  u.(0,t),  the  impedance  distribution  of 
tne  layer  can'be  determined  from  this  equation. 

The  following  case  is  studied  to  test  the  accuracy 
of  the  prediction  from  Eq.  (23).  We  consider  a 
medium  which  has  the  following  properties: 

p(x)  =  c(x)  =  (l+2x)^  for  x>0  .  (24) 

The  impedance  distribution  of  the  medium  is 
therefore 


z(x)  =  p ( x )  c ( x )  =  1  +  2x  .  (25) 

For  a  unit  impulse 

u^t.O)  =  5(t)  (26) 

applied  to  the  surface  x=0,  the  reflected  wave  at 
x=0  can  be  calculated, °  It  has  the  form 

uR(t,0)  =  -  1  e't/2  H(t)  .  (27) 

Substituting  Eqs.  (26)  and  (27)  into  Eq.  (23),  the 
impedance  distribution  of  the  medium  can  be  cal¬ 
culated.  The  results  are  plotted  with  the  exact 
distribution,  Eq.  (25),  in  Fig.  7.  The  agreement 
is  good. 


FIGURE  7 

COMPARISON  OF  THE  CALCULATED 
AND  THE  EXACT  IMPEDANCE  DISTRIBUTION 


6.  CONCLUDING  REMARK 

Based  on  the  preliminary  study  presented  in  the 
above  sections,  it  appears  entirely  feasible  to 
employ  penetrators  as  a  means  of  performing  the 
required  in-si tu  experiment.  The  method  used  to 
generate,  to  monitor,  and  to  analyze  the  wave 
motion,  in  this  case,  is  identical  to  that  which 
would  be  used  in  a  laboratory  test.  The  advantage 
of  using  penetrators,  in  addition  to  those  listed 
in  Section  1,  is  that  there  is  no  limitation  on 
the  size  and  condition  of  the  sample,  as  would  be 
the  case  in  a  laboratory  experiment  on  cored 
samples.  The  penetrator  thus  offers  the  possibility 
of  conducting  experiments  under  realistic  conditions 
and  with  great  freedom  in  designing  the  experiment. 


ACKNOWLEDGMENT 

This  study  was  supported  by  the  Office  of  Naval 
Research.  The  author  is  indebted  to  Dr.  Paul 
Vidmar  for  his  interest  and  encouragement  while 
this  study  was  being  made. 

The  study  was  carried  out  while  the  author  was 
with  Applied  Research  Laboratories,  The  University 
of  Texas  at  Austin,  in  the  summer  of  1985.  The 
hospitality  of  the  Laboratory  is  gratefully 
acknowledged. 


REFERENCES 

1.  USACRREL,  Hanover,  New  Hampshire,  Workshop  on 
"Ice  Penetration  Technology",  CRREL  Special 
Report  84-33,  June  1984. 

2.  E.  R.  Pounder,  "The  Physics  of  Ice"  (Pergamon 
Press,  New  York,  1965). 


3.  D,  F.  McCammon,  and  McDaniel,  "The  Influence 
of  the  Physical  Properties  of  Ice  on 
Reflectivity",  ARL/PSU  Report-,  Applied  Research 
Laboratory,  Pennsylvania  State  University, 
University  Park,  Pennsylvania. 

4.  Y.  Sato,  "Analysis  of  Dispersed  Surface  Waves 
by  Means  of  Fourier  Transform,  I,  II,  and  III", 
Bulletin,  Earthquake  Research  Institute, 

Vol .  33,  No.  33,  1955;. Vol.  34,  No.  9,  1956. 

5.  C.  H.  Yew  and  C.  S.  Chen,  "Study  of  Linear 
Wave  Motions  Using  FFT  and  Its  Potential 
Application  of  Non-destructive  Testing", 
International  Journal  of  Engineering  Science, 
Vol.  18,  No.  8,  1980,  p.  1027. 


6. 


J.  A.  Ware  and  K.  Aki ,  "Continuous  and  Discrete 
Inverse  Scattering  Problem  in  a  Stratified 
Elastic  Medium,  I.  Plane  Waves  at  Normal 
Incidence",  The  Journal  of  the  Acoustical 
Society  of  America,  Vol.  45,  No.  4,  1965, 
p.  911. 


95 


Acoustic  Bottom  Interaction  Considerations  in  the  Arctic 


(1)  (2) 

W.H.  Geddes  and  J.E.  Matthews 


(1)  Planning  Systems  Inc. 


(2)  Naval  Ocean  Research  and  Development  Activity 


Predictions  of  acoustic  propaga¬ 
tions  in  certain  areas  of  the  Arctic 
region  are  critically  dependent  upon  a 
knowledge  of  the  interaction  of 
acoustic  energy  with  the  sea  floor. 
There  are  several  approaches  to 
applying  the  sea  floor  environmental 
in-formation  to  the  acoustic  models. 
Each  approach  nas  a  specific  require¬ 
ment  for  information  and  has 
application  in  the  Arctic.  Prelim¬ 
inary  geoacoustic  investigations 
indicate  three  clearly  defined  sea 
floor  environments  for  the  continental 
shelves  and  upper  slopes  of  the  Arctic 
Ocean.  The  acoustic  implications  of 
this  simple  geoacoustic  classification 
may  be  significant  to  experiment 
planning  and  system  performance 
prediction. 


Today  we  plan  to  present  some  of 
the  factors  to  be  considered  in  the 
interaction  of  acoustic  energy  with  the 
bottom.  First,  why  worry  about  bottom 
loss  in  the  Arctic  when  the  real  problem 
is  reflection  of  acoustic  energy  from 
the  underside  of  the  ice?  The  answer  is 
of  course,  some  times  of  the  year,  in 
some  places,  a  knowledge  of  the  acoustic 
properties  of  the  bottom  becomes 
critical  to  the  prediction  of  weapon 
performance  in  the  Arctic. 

Figure  1  shows  the  marginal  seas 
where  bottom  loss  may  be  critical  to 
acoustic  prediction  and  the  deep  water 
areas  where  the  bottom  loss  can  perhaps 
become  important  under  certain  circum¬ 
stances.  The  boundary  between  these  two 
areas  is  defined  in  a  general  way  by  the 
shelf  edge.  As  our  exploration  of  the 
Arctic  region  increases,  it  is 
reasonable  to  assume  that  a  corres¬ 
ponding  increase  in  information  on  the 
bottom  will  be  required.  For  example, 
bottom  loss  may  become  important  on 
marginal  plateaus  such  as  the  Yermak 
P 1 ateau . 


There  are  several  techniques 
currently  in  use  to  apply  our  knowledge 
of  the  bottom  to  the  prediction  of 
acoustic  propagation.  Table  1  shows 
some  of  the  widely  used  bottom  loss 
models. 


Table  1.  BOTTOM  LOSS 
CLASSIFICATION  SYSTEMS 

NAVOCEANO  HIGH  FREQUENCY 

BOTTOM  LOSS  UPGRADE 

(BLUG) 

GEOACOUSTIC  MODEL 

INTERIM  BOTTOM  LOSS  UPGRADE 

( I BLUG) 

The  NAVOCEANO  high  frequency  model 
is  a  set  of  nine  curves  that  relate 
bottom  loss,  grazing  angle  and  acoustic 
province.  The  mo  del  is  based  on  a 
statistical  analysis  of  bottom  loss 
measurements.  The  NAVOCEANO  system 

treats  the  ocean  floor  as  a  boundary  with  ® 

a  reflected  component  and  a  loss 
component  of  acoustic  energy.  Therefore, 
this  approach  is  most  useful  at  high 
frequencies. 

Bottom  Loss  Upgrade  (BLUG)  is  a 
model  developed  by  Spofford  also  based  on 
measurements.  The  model  uses  the  a 

measurements  to  assign  acoustic 

properties  to  the  bottom  and  sub-bottom.. 

The  Bottom  Loss  Upgrade  model  assumes 
propagation  through  the  sediments  and  is 
most  useful  at  lower  frequencies. 

The  Geoacoustic  Model  was  developed 
by  Hamilton  and  is  based  on  the 
relationship  of  the  physical  properties  0 

to  the  acoustic  properties  of  the 

sediment.  The  Geoacoustic  Model  treats 
the  ocean  floor  as  a  part  of  the 
propagation  medium  and  application  of  the 
mo  del  is  only  limited  by  the  amo  u  n  t  of 
information  required  to  establish  the 
m°del.  That  is,  high  frequency 

application  of  the  mo  del  requires  mo  re  ® 

detail  and  knowledge  on  the  composition 
and  structure  of  the  sediments  than  low 
frequency  application. 
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All  three  of  these  bottom  loss 
models  have  application  to  the  Arctic. 
However,  while  these  three  models  are  in 
wide  use  in  the  North  Atlantic  and  North 
Pacific,  the  information  required  to 
construct  these  models  for  the  Arctic 
region  has  not  been  assembled  nor 
analyzed.  Therefore,  an  interim  model 
has  been  developed  to  improve  the 
solution  of  bottom  loss  by  using 
sediment  thickness  as  the  primary 
environmental  factor.  This  Interim 
Bottom  Loss  Upgrade  (IBLUG),  consists  of 
a  family  of  bottom  loss  curves  and  a 
chart  that  assigns  a  bottom  loss 
classification  to  each  one  degree  square 
in  the  North  Atlantic  (Spofford,  1980). 
This  procedure  was  intended  to  be  used 
until  such  time  as  the  Bottom  Loss 
Upgrade  (BLUG)  is  completed  and  tested. 
IBLUG  was  principally  designed  for  deep 
ocean  areas  and  the  model  included 
classification  of  shallow  water  areas 
such  as  the  Barents  Sea  only  for  the 
sake  of  completeness.  The  Barents  Sea 
was  arbitrarily  assigned  a  Class  3  as  a 
part  of  the  analysis  of  the  North 
Atlantic.  However,  the  requirements  for 
acoustic  predictions  in  the  Arctic  make 
it  necessary  to  extend  the  IBLUG 
classification  into  the  Arctic  Ocean  and 
marginal  seas. 

An  analysis  of  a  relatively  large 
amount  of  geophysical  data  has  been 
conducted  to  extend  the  IBLUG  bottom 
loss  classes  to  the  Barents  Sea.  The 
information  available  for  this  analysis 
included  acoustic  measurements,  seismic 
reflection  profiles,  sonobuoy  reflection 
and  refraction  data,  sediment  type, 
bathymetry,  and  geophysical 
extrapolation  from  land  areas  to  the 
underwater  areas.  Geophysical 
information  for  other  regions  of  the 
Arctic  is  much  less  available  for 
analysis  and  the  assignment  of  IBLUG 
classes  was  accomplished  by 
extrapolation  of  bottom  loss  from  known 
provinces  in  the  Barents  Sea  and  North 
Atlantic  Ocean  to  similar  geomorphic 
provinces  in  other  areas.  In  general 
the  classification  of  the  provinces 
follows  the  system  of  Heezen,  Tharp,  and 
Ewing  (1959)  and  the  geographic  n  ame  s 
and  boundaries  of  the  provinces  follow 
the  analysis  of  Perry  and  Fleming 
(  1985)  . 

A  chart  of  low  frequency  bottom  loss 
for  the  Arctic  was  compiled  by  PSI. 
Construction  of  this  chart  followed  the 
classification  criteria  of  Spofford 
(1980).  A  bottom  class  was  assigned  to 
each  bottom  province  as  follows: 

Class  1 

a.  Sediment  thickness  greater  than  0.4 
sec 

b.  Sediment  thickness  0.2  to  0.4  sec 
but  known  very  low  loss 


Class  2 

a.  Sediment  thickness  0.2  to  0.4  sec 

b.  Thicker  but  either  rough  seafloor  or 
known  h i ghe r - t han-ave r age  loss 

Class  3 

a.  Sediment  thickness  less  than  0.2  sec 

b.  Thicker  areas  which  include  high- 
relief  terrain  (se  amo  u  n  t  s ,  etc.) 

The  family  of  curves  for  Class  1  is 
shown  in  Figure  2,  Class  2  in  Figure  3, 
and  Class  3  in  Figure  4. 

The  bottom  loss  chart  was  digitized 
by  assigning  a  charted  bottom  class  index 
number  to  each  1°  square.  In  those  1° 
squares  that  have  more  than  one  bottom 
class,  the  index  number  of  the  bottom 
class  with  the  largest  area  within  the 
square  was  assigned  to  the  square. 

Principal  geomorphic  elements  of 
Barents  Sea  are  relict  highlands  and 
valleys.  The  action  of  the  Pleistocene 
glaciers  has  eroded  the  highlands  into 
low  lying  islands  on  broad,  flat 
platforms.  Material  from  the  highlands 
has  been  deposited  in  the  valleys  to  form 
an  a  1  mo  st  flat  continental  shelf.  The 
platforms  consist  of  a  crystalline 
complex  of  met  amorphic  rocks  covered  by  a 
few  centimeters  of  sediment.  Gravel  and 
large  boulders  make  up  a  significant 
component  of  sediment  cover  on  the 
p  1  a  t  f  o  rms  . 

Since  on  the  platforms  the  sediment 
is  extremely  thin  and  acoustic  basement 
is  crystalline  rock,  the  low  frequency 
propagation  is  expected  to  be  poor.  High 
impedance  contrast  combined  with  the 
rough  surface  leads  to  the  expectation  of 
high  bottom  reverberation  levels. 
Indeed,  one  measurement  on  the  Svalbard 
Platform  near  Bear  Island  showed  large 
time  spreading  in  the  acoustic  signal 
and  relatively  poor  low  frequency 
acoustic  propagation.  This 

interpretation  is  consistent  with 
similar  environments  in  other  areas. 

Areas  between  the  platforms  are 
relict  valleys  filled  in  with  thick 
layers  of  glacial  deposits  composed  of 
sand,  mud,  and  gravel.  The  sand  and 
gravel  appears  to  be  common  near  islands 
and  continental  land  areas.  Mud  appears 
to  be  the  principal  sediment  in  the 
troughs,  depressions,  and  near  the  shelf 
edge.  Acoustic  propagation  then,  is 
expected  to  be  moderate  on  the  shelf  and 
excellent  in  the  troughs.  Limited  data 
indicates  that  these  acoustic 

characteristics  are  typical  of  similar 
provinces  throughout  the  marginal  seas. 
Figure  6  presents  the  provinces  and 
IBLUG  class  for  the  Kara  Sea,  Figure  7 
the  Laptev  Sea;  Figure  8  the  Siberian 
Sea;  and  Figure  9  the  Chukchi  Sea. 

These  bottom  loss  assignments  are 
intended  to  be  used  as  interim  solutions 


until  a  more  thorough  analysis  is 
comp  1 e  t  ed . 


Conclusions 


Houtz,  R.E.,  "Seafloor  and  Near-surface 

Sound  Velocities  from  Barents  Sea 

Sonobuoy  Data",  Journal  of  Geophysical 

Research,  Vol.  85,  No.  89,  pp.  4838-  • 

4844,  1980. 


There  are  two  aspects  of  bottom 

interaction  to  be  considered  in  the 

Arctic:  1.  Propagation  of  low 

frequency  acoustic  .energy  through  the 

sediments  is  expected  to  be  good  on  the 
outer  shelf  and  in  the  troughs  and  poor 
on  the  platforms  and  rises.  2,  Bottom 
reverberation  is  expected  to  be  high  on 
the  platforms  and  rises. 


Perry,  R.K. ,  H.S.  Fleming,  "Bathymetry 
of  the  Arctic  Ocean",  Naval  Research 
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Spofford,  C.W. ,  "Interim  Bottom  Loss 

Values  and  Geographic  Assignment  Based  ® 

on  Sediment  Thickness",  Science 

Applications,  Inc.,  Report  No.  SAI-81- 
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Figure  2.  Bottom  Loss  Curves  for  Bottom  Class  1. 
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Figure  3.  Bottom  Loss  Curves  for  Bottom  Class  2. 
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ABSTRACT 


Until  recently,  most  computerized  environmental 
data  bases  used  in  making  underwater  acoustic 
predictions  have  had  less  than  worldwide  coverage 
In  particular,  the  polar  regions  have  often  been 
neglected  except  by  those  intimately  involved  with 
studies  of  the  surface  ice-cover,  iceberg 
movement,  or  world-wide  weather  prediction.  With 
interest  in  Arctic  acoustics  growing,  it  is 
important  that  the  best  available 
environmental-acoustics  data  be  made  available  for 
acoustic  model  predictions.  This  paper  describes 
such  a  data  base  currently  under  construction  by 
the  Naval  Ocean  Research  and  Development  Activity 
(NORDA).  The  paper  describes  some  of  the  data 
sets  which  will  he  used  for  low-frequency, 
range-independent  acoustic  model  input.  The  data 
base  management  system  used  to  store  and  retrieve 
information  from  the  various  data  sets  is  also 
briefly  described. 

INTRODUCTION 

The  Naval  Ocean  Research  and  Development  Activity 
(NORDA)  has  been  tasked  by  the  Basic  Acoustic 
Users  Service  (BAMUS)  program  to  build  and 
maintain  an  Arctic  Environmental  Acoustic  Data 
Base  (AEADB).  One  of  the  prime  functions  of  the 
BAMUS  program  is  to  respond  to  requests  from 
throughout  the  acoustics  community  for  acoustic 
predictions  using  the  models  and  data  bases 
resident  at  NORDA.  With  interest  now  high  in  the 
Arctic,  it  was  decided  to  increase  BAMUS  coverage 
to  include  all  ocean  areas  in  the  northern 
hemisphere  which  are  seasonally  ice-covered.  The 
first  applications  for  this  data  base  will  involve 
low-frequency,  range-independent,  acoustic 
modeling  applications.  NORDA's  first  phase  of 
data  base  development  will  involve  the  collection, 
storage,  and  retrieval  of  data  to  meet  this 
requi rement. 


DATA  BASE  DESIGN 

NORDA  plans  to  design  AEADB  around  the  INGRES 
relational  data  base  system  resident  on  NORDA1 s 
VAX  11/780  minicomputer.  Using  such  a  relation 
based  data  base  will  permit  the  use  of  similar 
data  base  management  systems  resident  on  other 
computers  without  extensive  software  revision.  A 
major  benefit  of  a  relational  data  base  system  is 


that  it  permits  interaction  between  the  various 
data  sets  comprising  the  data  base.  For  example, 
depth  excess  can  be  determined  from  the  combined 
use  of  bathymetry  and  sound  speed  data  sets,  or 
keel  parameters  can  be  determined  from  the 
information  provided  by  under-ice  roughness  and 
ridge  frequency  data.  Another  benefit  of  using 
such  a  system  is  that  it  greatly  simplifies  the 
tasks  normally  associated  with  data  base  design 
and  maintenance.  A  majority  of  the  data  files 
residing  in  the  data  base  will  be  indexed 
sequential  access  mode  files  built  around  tables 
created  from  the  individual  data  sets.  One  of  the 
goals  to  be  met  in  the  design  of  the  data  base  is 
to  permit  rapid  retrieval  of  information  at  the 
expense  of  disk  storage  space.  A  300  megabyte 
removable  disk  pack  is  presently  being  used  for 
data  base  development. 

The  data  base  will  consist  of  two  major  elements; 
a  gridded  data  base  and  an  ungridded  data  base. 

Each  of  these  elements  will  be  contained  on  a 
separate  removable  disk  pack.  Some  data  sets 
resident  in  the  gridded  data  base  will  consist  of 
data  with  area-wide  coverage.  For  example, 
seasonal  sound  speed  profiles  representati ve  of 
relatively  large  areas  will  be  contained  in  a 
gridded  sound  speed  data  set.  This  type  of 
information  will  be  queried  by  testing  the  data 
set  for  the  grid  which  surrounds  the  location  at 
which  data  is  desired.  Other  types  of  gridded 
data  sets,  (e.g.  bathymetry,  ice  parameters,  etc.) 
will  contain  information  located  at  grid  lines 
intersections .  Information  contained  in  these 
data  sets  will  be  extracted  using  two  dimensional 
linear  interpolation.  The  ungridded  data  base 
will  contain  information  gathered  at  a  particular 
location  and  time.  For  example,  the  Marginal  Ice 
Zone  Experiment-West  (Bering  Sea)  Conductivity- 
Temperature  Depth  data  soon  to  be  obtained  from 
the  National  Snow  and  Ice  Data  Center  or  future 

acoustic  experimental  data  will  be  included  as  a 
data  set  within  the  ungridded  data  base.  The 
ungridded  data  base  will  provide  the  raw  in¬ 
formation  from  which  updates  or  new  gridded  data 
sets  can  be  formed. 

The  system  will  include  a  series  of  menus  which 
will  provide  the  user  with  an  overview  of  the 
contents  of  the  data  base,  and  permit  menu  driven 
queries  to  be  exercised.  Some  of  these  menus  will 
perform  specific  functions,  such  as  defining  the 
default  data  sets  to  be  included  in  a  users 
sessions  with  the  system.  Another  menu  will  allow 
the  user  to  view  the  spatial  and  temporal  bounds 
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of  each  data  set.  Extensive  use  of  graphics 
terminals  is  expected  for  this  and  other  data  base 
functions.  Other  menus  will  allow  the  user  to 
extract  information  from  the  data  base,  and 
reformat  the  data  for  his  or  her  own  particular 
application,  or  to  perform  simple  statistical 
analyses  or  plotting  of  retrieved  data  sets. 
Magnetic  tape  output  of  extracted  data  according 
to  user's  specifications  will  also  be  included  as 
a  future  menu  item. 

Contouring  routines  have  been  acquired  for  use 
within  AEADB.  These  routines  can  be  used  to 
provide  maps  of  the  various  gridded  data  set 
variables  or  any  parameter  derived  from  them.  For 
example,  charts  of  the  ocean  bottom  can  be 
obtained  from  the  bathymetry  data  set,  and  depth 
excess  can  be  obtained  from  the  combined  use  of 
the  bathymetry  and  sound  speed  profile  data  sets. 


DATA  SETS  INITIALLY  INCLUDED 


The  AEADB  will  have  a  geographical  coverage  from 
40  N  to  the  North  Pole  for  all  360°  of  longitude. 
At  the  present  time  there  are  several  in  house 
data  sets  which  were  obtained  for  inclusion  in  the 
AEADB.  These  include  the  National  Ocean  Data 
Center's  (NODC's)  Climatological  Atlas  of  the 
World  Ocean,  Fleet  Numerical's  Master 
Oceanographic  Observation  Data  Set  (MOODS),  the 
Naval  Oceanographic  Office's  (NAVO's)  Digital 
Bathymetric  Data  Base  (DBDB) ,  NAVO's  Standard 
Ocean  data  sets  for  the  North  Pacific  and  North 
Atlantic  Oceans,  the  Naval  Polar  Oceanography 
Center's  (Suitland,  Md.)  Arctic  ice  field  data 
set,  NORDA's  AUTOOCEAN  data  set,  a  gridded 
LeSchack's  surface  ice  roughness  standard 
deviation  data  set,  a  monthly  ice  extent  and 
thickness  data  set  derived  by  NORDA  through  the 
use  of  Hibler's  model,  and  a  low  frequency  ( I SLUG ) 
bottom  loss  data  set. 

Some  of  the  above  data  sets  include  portions  of 
the  ocean  which  cannot  be  considered  as  belonging 
to  the  Arctic  or  other  seasonally  ice  covered 
areas.  Therefore,  those  portions  of  the  above 
mentioned  data  sets  which  do  not  reside  in  areas 
which  have  the  potential  of  being  ice  covered  may 
be  excluded  from  AEADB  disk  if  disk  storage 
capacity  is  exceeded. 

The  NODC  Climatological  Atlas  of  the  World  Ocean 

This  digital  atlas  of  the  world  ocean  contains  a 
synthesis  of  all  temperature,  salinity,  and  oxygen 
data  available  from  NODC's  Oceanographic  Station 
Data,  Mechanical  Bathythermograph,  and  Expendable 
Bathythermograph  files.  The  data  were  analyzed  in 
a  consistent,  objective  manner  at  standard 
oceanographic  depth  levels  on  a  one-degree 
latitude-longitude  grid  between  the  surface  and 
ocean  to  a  maximum  depth  of  5500  m.  The  four 
seasonal  data  sets  contain  information  at  24 
standard  depths  between  the  surface  and  1500 
meters.  The  annual  data  set  will  be  used  to 
extend  the  seasonal  data  sets  to  deeper  depths. 


Sound  speed  profiles  will  be  formed  from  the 
resulting  temperature  and  salinity  profiles.  Both 
temperature  and  salinity  profiles  will  be  retained 
in  the  gridded  disk  data  base.  The  sound  speed 
profiles  can  be  made  available  for  acoustic  model 
input  through  an  application  of  any  of  the  sound 
speed  equations.  The  salinity  profiles  can  be 
used  to  provide  an  estimate  of  salinity  for  use  in 
constructing  sound  speed  profiles  from 
bathythermograph  profiles. 

As  with  any  oceanographic  profiles  formed  by  an 
averaging  process,  important  gradient  information 
may  be  averaged  out.  This  is  especially  important 
in  the  shallow  portions  of  the  profiles  where 
variability  is  high  and  surface  ducting  can  take 
place.  A  further  examination  of  acoustic 
ramifications  brought  about  by  this  and  other 
objective  analysis  derived  data  bases  (Standard 
Ocean)  must  take  place  before  total  confidence  can 
be  assured. 


FLEET  NUMERICAL'S  MOODS 

MOODS  was  intended  primarily  for  the  storage  of 
profile  data  taken  by  mechanical  bathythermo¬ 
graphs;  ship-dropped,  air-dropped  and  sub¬ 
marine-launched  expendable  bathythermographs 
( XBTS ) ;  Nansen  casts  and  the  Salinity  Temperature 
Depth  (STD)  class  of  instruments  used  in  a  depth 
profile  mode.  The  MOODS  data  set  not  only 
includes  the  holdings  of  NODC  but  also  includes 
Japanese,  Korean,  British,  French,  and  Norwegian 
data  not  included  in  the  NODC  data  set.  The  next 
update  of  MOODS,  expected  during  FY  85,  should 
also  include  portions  of  the  Naval  Oceanographic 
Office's  data  holdings.  MOODS  is  most  probably 
the  most  extensive  set  of  raw  oceanographic  data 
available  today.  The  MOODS  data  set  will  be 
separated  into  two  data  sets;  XBT  type  and  STD 
type.  The  STD  data  file  will  remain  on  the  disk 
system  for  extractions  of  representati ve  sound 
speed  profiles  and  other  oceanographic  analyses. 
The  XBT  data  file  will  be  stored  on  magnetic  tape, 
but  will  be  made  accessible  through  the  disk  based 
system  if  desired. 


NORDA's  AUTOOCEAN 

AUTOOCEAN  is  a  digital  data  base  residing  at  NORDA 
which  contains  all  those  parameters  normally  re¬ 
quired  for  input  into  the  acoustic  models.  Sound 
speed  profiles  and  wave  heights  are  available  on  a 
seasonal  5  degree  grid  from  60°  S  to  60°  N. 
Portions  of  the  Barents  Sea  have  also  recently 
been  included.  Smith-Menard  bathymetry, 
Bassett-Wolff  low-frequency  bottom-loss,  NAVO 
high-frequency  bottom-loss,  and  the  Synthetic 
Bathymetric  Profiling  System  bathymetry  are  also 
available  in  the  Northern  Hemisphere.  A  new  non 
INGRES  VAX  11/780  version  of  AUTOOCEAN  has 
recently  been  made  available  by  Ocean  Data 
Systems,  Inc..  In  the  future  a  new  INGRES  based 
AUTOOCEAN  will  be  developed  within  the  AEADB. 
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At  the  present  time  only  the  sound  speed  profiles 
obtained  from  the  AUTOOCEAN  data  set  are  being 
incorporated  into  AEADB .  With  the  exception  of 
the  wave  height  and  high-frequency  bottom-loss 
data  sets,  all  other  AUTOOCEAN  data  sets  have  been 
replaced  by  higher  quality  data  within  AEADB. 
High-frequency  bottom  -loss  will  be  incorporated 
within  AEADB  when  a  high-frequency,  under-ice 
acoustic  model  becomes  available. 

Additional  sound  speed  profile  selection  analyses 
have  been  performed  for  all  5  degree  square  areas 
north  of  60  N.  Additions  to  the  AEADB  AUTOOCEAN 
sound  speed  profile  data  set  will  be  made  on  the 
basis  of  these  analyses.  Most  of  the  new 
additions  will  be  made  in  the  relatively  data  rich 
areas  near  Greenland.  It  is  expected  that  the 
soon  to  be  released  version  of  the  MOODS  data  base 
may  provide  additional  data  in  areas  which  are  now 
data  void.  In  addition,  information  from  recent 
experiments  in  the  Arctic  will  be  used  to  update 
the  existing  AEADB  AUTOOCEAN  data. 


For  Arctic  appl ications,  wind  speed  data  will 
probably  be  of  more  direct  value  than  wave  height. 
Wave  heights,  if  required  can  be  obtained  from 
wind  speed.  We  are  currently  seeking  to  obtain 
the  wind-field  data  set  used  in  Hibler's  ice 
model. ^  Unlike  similar  data  sets  derived  from 
objective  analyses,  AUTOOCEAN  sound  speed  profiles 
have  been  measured  in  situ.  These  sound  speed 
profiles  were  selected  from  the  subset  of  all 
available  profiles  in  a  given  area  for  a  given 
season.  The  selection  process  involves  the 
testing  of  each  profile  for  closeness  to  the  mean 
sound  speed  profile  in  addition  to  closeness  to 
the  average  layer  depth  and  average  depth  of  the 
deep  sound  channel  axis. 


Interim  Bottom  Loss  Upgrade 


The  Interim  Bottom  Loss  Upgrade  (i.e.  Interim 
Spof ford-Hanna)  data  base  contains  a  set  of  loss 
versus  grazing  angle  curves  (types  1,  2,  and  3) 
that  are  based  upon  sediment  thickness.  The  data 
base  presently  covers  essentially  the  entire 
world's  oceans.  In  the  Northern  Hemisphere  the 
data  base  contains  information  to  80°  N.  Planning 
Systems  Inc.  has  been  tasked  to  extend  the  data 
base  to  90  N. 

Naval  Polar  Oceanography  Center  Data 

Monthly  digital  data  of  15  nautical  mile  minimum 
resolution,  from  45  N  to  the  North  Pole  has  been 
made  available  for  the  area  from  90°  W  to  90°  E. 
The  remaining  half  of  the  data  base  will  not  be 
available  until  later  in  FY  85  or  early  FY  86. 

Some  of  the  data  which  can  be  extracted  from  this 
data  set  includes  maximum-mean-minimum  ice  edges, 
probability  of  occurence  of  any  ice,  mean  ice 
concentration,  and  predominant  ice  type.  These 
data  are  the  result  of  analyses  of  data  spanning 
from  2  to  11  years. 


NORDA's  Polar  Ice  Prediction  System 
(Preller  (1985)) 


N0RDA  has  implemented  Hibler's  dynamic/thermo- 
dynamic  sea  ice  forecasting  model  at  FN0C. 

Results  from  the  spin-up  of  this  model,  the 
climatology,  have  been  output  for  use  in  the 
AEADB.  Parameters  include  ice  drift  velocity,  ice 
thickness,  ice  concentration,  ice  growth,  ice 
strength,  and  ice  convergence/di vergence.  These 
variables  have  been  made  available  on  a  monthly 
basis.  The  model  currently  includes  the  Arctic 
Basin  plus  the  Barents  and  East  Greenland- 
Norwegian  Seas.  The  model  output  is  of  a  127  km 
spatial  resolution.  In  the  future  regional  ice 
models  beginning  with  the  development  of  a 
regional  Barents  Sea  model  during  FY  85  will  be 
avai 1  able. 

NUSC  Norwegian  Sea  Sound  Speed  Profiles 


Podeszwa  (1979)  has  analyzed  acoustic  and 
environmental  data  for  the  Norwegian  Sea,  Baffin 
Bay,  Davis  and  Denmark  Straights,  Greenland, 
Barents  and  North  Seas,  and  has  produced  a  series 
of  sound  speed  province  charts  for  these  areas. 

For  each  province,  monthly  sound  speed  profiles 
are  available.  The  province  charts  have  been 
digitized  to  one  half  degree  spatial  resolution  so 
that  the  monthly  sound  speed  profiles  may  be 
extracted  by  latitude  and  longitude  rather  than  by 
province  number. 

LeSchack's  Surface  Ice  Roughness  Standard 
Devi ati on 

LeSchack's  (1977)  updates  chart  contains  annual 
surface  ice  roughness  standard  deviation  contours 
for  the  Arctic  from  approximately  70°  N  to  the 
North  Pole.  Green's  (1984)  algorithm  will  be  used 
to  convert  these  data,  with  the  addition  of 
Wittmann  and  Schule's  (1966)  ridge  frequency  data, 
to  determine  keel  parameters  required  by  the  under 
ice  low  frequency  acoustic  models  now  under 
development. 

NAVO  Standard  Ocean 

This  seasonal,  1  degree  square  spatial  resolution, 
objective  analysis  produced  data  set  consists  of 
temperature,  salinity,  and  sound  speed  profiles 
for  the  North  Atlantic  and  North  Pacific  Oceans. 
The  available  Medi terranean  Sea  data  base  will  not 
be  included  in  AEADB.  While  these  data  sets  do 
not  now  extend  into  the  Arctic  Ocean,  they  do 
cover  several  important  seasonally  ice  covered 
marginal  seas. 

Future  Data  Base  Acquisitions  and  Capabilities 

After  the  requirement  to  provide  an  Arctic  low 
frequency  acoustic  modeling  capability  has  been 
met,  the  data  base  will  be  expanded  to  include 
data  available  from  recent  experiments  in  the 
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Arctic.  Data  from  the  various  marginal  ice  zone 
experiments  (MIZEX)  available  from  the  National 
Snow  and  Ice  Data  Center,  Boulder,  Colorado,  will 
probably  be  one  of  the  first  new  data 
acquisitions.  A  bibliography  of  available 
references  pertaining  to  underwater  acoustics  in 
the  Arctic  will  also  be  constructed  using  those 
complied  by  Planning  Systems  Incorporated' s, 
Slidell,  Louisiana  office  as  the  first  version. 
Buck's  Arctic  noise  models  will  also  be  included 
in  the  near  future. 
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ABSTRACT 


Under-ice  ambient  noise  is  discussed  in  terms  of 
the  generation  of  the  noise  by  the  five  basic 
modes  of  motion.  Ice  translation  is  used  as  an 
indicator  of  turbulent  energy  plus  the  ice  rushing 
through  the  water  column.  Divergence  of  an  ice 
parcel  is  used  as  the  indicator  of  lead/ridge 
formation  plus  a  method  for  damping  floe/floe  in¬ 
teraction  during  the  summer.  Ice  parcel  deforma¬ 
tion  is  discussed  in  terms  of  noise  generation  as 
floes  move  past  one  another  during  a  rearrangement 
process.  Preliminary  analysis  of  summer  data  show 
that  ice  parcel  translation  speed  and  divergence 
can  account  for  up  to  70%  of  the  variance  of  the 
noise  at  10  Hz,  The  correlation  between  these  two 
kinematic  parameters  and  the  10  Hz  signal  is  0.84, 
and  the  noise  is  positively  correlated  with  the 
di vergence . 


energy  increases,  one  can  expect  a  correspondi ng 
increase  in  turbulent  energy.  Thus,  |u|  can  be  an 
indicator  of  noise  increases  due  to  the  ice  rush¬ 
ing  through  the  water  plus  greater  floe/floe  bump¬ 
ing  as  a  result  of  turbulence. 

Divergence  is  a  direct  measure  of  lead  and  ridge 
formation.  Spreading  within  an  ice  field  (D>0) 
can  cause  the  ice  to  fault  under  tension,  and  one 
would  expect  a  correspondi ng  increase  in  noise. 
As  the  ice  converges  (D<0),  one  of  two  things  can 
happen,  depending  on  the  season.  During  the  sum¬ 
mer  when  it  is  not  cold  enough  to  produce  new  ice, 
ice  convergence  can  act  as  a  method  for  damping 
floe/floe  interaction,  and  the  noise  level  falls. 
However,  if  new  ice  forms  in  the  leads,  conver¬ 
gence  can  cause  noise  increases  as  the  young  ice 
is  crushed. 


1.  INTRODUCTION 

A  majority  of  the  lower  frequency  ambient  noise 
variations  in  the  Arctic  is  a  direct  result  of  the 
response  of  sea  ice  to  wind  forcing,  given  the 
strength  of  the  ice.  Buoys  drifting  with  the  ice 
give  kinematically  the  response  of  the  ice  to  the 
wind,  so  one  might  expect  a  relationship  between 
the  under-ice  noise  variations  and  the  kinematics 
of  the  ice.  The  kinematics  of  ice  can  be  des¬ 
cribed  by  the  5  basic  modes  of  motion  (Figure  1): 

translation  (net  displacement  per  unit 
time) , 

vorticity  (the  change  in  the  orientation  of 
the  ice  without  a  shape  or  size  change), 
divergence  (the  change  in  size  of  a  parcel 
of  sea  ice,  without  an  orientation  or  shape 
change) , 

normal  deformation  rate  (the  change  in  the 
shape  of  an  ice  parcel  due  to  forces  normal 
to  the  sides  of  the  parcel,  without  a  size 
or  orientation  change),  and 
shear  deformation  rate  (the  change  in  the 
shape  of  an  ice  parcel  due  to  forces  acting 
parallel  to  the  sides  of  the  parcel,  without 
a  size  or  orientation  change). 

These  5  modes  of  motion  are  related  to  the  genera¬ 
tion  of  under-ice  noise  in  distinct  and  indepen¬ 
dent  ways.  The  translation  of  the  ice  can  be  used 
as  a  measure  of  kinetic  energy.  As  this  kinetic 
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Fig.  1.  Mathematical  and  physical  definitions  of 
the  five  basic  components  of  the  motion  of  a 
parcel  of  ice. 
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Deformation  of  an  ice  field  can  be  thought  of  as  a 
shape  change  only,  with  no  area  change.  Thus,  a 
rearranging  of  the  individual  floes  is  all  that 
may  be  required  to  take  on  the  new  shape  configur¬ 
ation.  This  rearrangement  will  result  in  the 
breaking  of  any  bonds  between  adjacent  floes  plus 
the  movement  of  floes  past  one  another.  Thus,  one 
would  expect  an  Jncrease  in  under-ice  noise  with 
an  increase  in  \t\ ,  |J|  or  N2+S2  (total  deforma¬ 
tion)  . 

Vorticity  K  (rotation  rate)  is  an  interesting  par¬ 
ameter  when  the  ice  takes  on  the  movement  of  the 
inertial  oscillation.  This  motion  is  highly  cohe¬ 
rent  in  space,  a  result  of  the  scales  of  the 
atmospheric  forcing  which  triggers  the  motion.  As 
a  result,  D,  N,  and  S  tend  to  oscillate  at  the 
inertial  frequency  (approximately  12  hrs  in  the 
Arctic).  The  end  result  is  a  strong  inertial  sig¬ 
nal  in  the  noise  variations. 

2.  UNDER-ICE  NOISE  AND  ICE  KINEMATICS 

A  preliminary  analysis  of  the  relationships  be¬ 
tween  ambient  noise  and  associated  ice  kinematics 
has  been  made  using  data  collected  during  the 
summer  of  1975  during  the  Arctic  Ice  Dynamics 
Joint  Experiment  (AIDJEX).  Figure  2  shows  the 
AIDJEX  study  area,  includinq  Buoy  10  at  which 
an  omnidirectional  hydrophone  measured  ambient 
noise  in  one-third  octave'  bands  centered  at  3.2 
Hz,  10  Hz,  32  Hz,  and  1000  Hz.  Figure  3  shows  the 
10  Hz  and  1000  Hz  noise  variations  at  3  hr  inter¬ 
vals  during  August  1975.  Since  noise  generated  by 
lead  and  ridge  formation  is  typically  found  in  the 
10-20  Hz  band1,  only  the  10  Hz  data  (referred  to 
as  Siq)  are  considered  here. 


We  first  note  that  there  are  two  distinct  periods 
of  noise  variations  which  oscillate  at  close  to 
the  inertial  frequency  (days  221-225  and  229-232). 
Secondly,  note  that  the  first  set  of  these  varia¬ 
tions  correspond  well  with  inertial  oscillations 
in  the  translation  speed  |tl|  of  the  manned  camp 


* 


January  1976.  Acoustic  data  discussed  in  this 
paper  were  collected  at  Buoy  10. 


Fig.  3.  Ambient  noise  variations,  10  Hz  and  1000 
Hz,  Buoy.  10,  during  August  1975. 


Fig.  4.  Variations  in  the  speed  of  the  manned 
camp  array  during  August  1975. 


Fig.  5.  Variations  in  the  ice  divergence  between 
the  manned  camps  during  August  1975. 
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array  (Figure  4),  some  50  km  north  of  Buoy  10. 
The  general  relationship  between  S^q  and  |u|  is 
that  peaks  in  Si q  tend  to  occur  during  peaks  in 
|U  |-  Figure  5  shows  the  spatially  averaged  diver¬ 
gence  between  the  manned  camps.  Once  again,  the 
first  set  of  inertially-varying  $10  data  corres¬ 
ponds  well  to  inertial ly-varying  D.  In  this  case, 
S  iq  tends  to  increase  with  D. 


We  performed  a  preliminary  regression  analysis 
using  the  40  hr  low-passed  version^  of  these  data 
sets.  Considering  only  $10  and  |u|,  the  results 
were  iU 


S10=78.82|ti|+63.4 

with  a  correlation  of  0.72,  52%  of  the  variance 
accounted  for,  and  a  mean  error  of  3.38  dB.  When 
divergence  was  incorporated  into  the  regression 
#  formula,  the  results  were 

S10=60.65|ti|+1.23- 10"  8D+65.0 

with  a  correlation  of  0.84,  70%  of  the  variance 
accounted  for,  and  a  mean  error  of  2.5  dB.  These 
results  are  encouraging  considering  the  distance 
^  between  the  manned  camp  array  and  the  exclusion  of 

“  the  deformation  rates  N  and  S. 


Research  is  continuing  into  the  relationships  be¬ 
tween  the  ice  kinematics  and  ambient  noise  varia¬ 
tions.  In  particular,  we  are  concentrating  on  the 
raw  data  (as  opposed  to  the  low-pass  filtered  ver¬ 
sions)  to  determine  which  ice  parameters  are  of 
greater  importance  and  how  this  varies  with 
season . 
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ABSTRACT 

A  ship-towed  horizontal  array 
experiment  was  performed  by  the  Naval 
Research  Laboratory  in  1982  in  the 
vicinity  of  the  ice-water  boundary  in 
the  East  Greenland  Sea.  The  array  was 
towed  approximately  normal  and  parallel 
to  the  ice  edge.  Analysis  of  beam- 
formed  ■ acoustic  data  revealed  that  a 
few  localized  "hot  spots”  (with  dimensions 
less  than  5  km)  were  the  dominant  noise 
sources.  These  sources  persisted  for  at 
least  several  hours.  The  nominal  separa¬ 
tion  between  the  hot  spots  was  about 
30  km.  The  spectrum  of  the  hot  spots 
decreased  by  12  dB  per  octave  between  100 
and  500  Hz,  compared  with  the  6  dB  per 
octave  spectrum  of  typical  sea  noise. 


1.  INTRODUCTION 

Ambient  noise  at  some  Arctic  ice- 
open  ocean  boundaries  is  characterized  by 
anomalously  high  levels,  hypothetically 
generated  by  the  interaction  of  ocean 
swell  with  ice  floes.  Representative 
data  for  diffuse  and  compact  edges  are 
shown  in  Figure  1.  Also  shown  are  expec¬ 
ted  levels  for  central  Arctic  and  open 
ocean  conditions  at  the  same  wind  speed. 

No  ice-edge  peaks  have  been  observed  in 
the  Denmark  Strait  (low  swell)  and  in  the 
Alaskan  North  Slope  shore  lead  (no  swell). 

The  data  shown  in  Fig.  1  were  collected 
with  sonobuoy  hydrophones  in  the  Greenland 
Sea.  Several  interesting  questions  were 


raised  by  this  data  set,  namely,  1)  are 
noise  sources  uniformly  distributed 
along  the  ice  edge  (i.e.,  a  line  source), 
2)  what  is  the  noise  radiation  pattern, 
and  3)  what  are  the  physical  mechanisms 
for  noise  generation.  A  towed  array 
experiment,  specifically  designed  to 
help  resolve  these  questions  was  con¬ 
ducted  by  the  Naval  Research  Laboratory 
in  the  Spring  of  1982.  The  array  consist¬ 
ed  of  64  hydrophones  grouped  into  three 
sub-arrays  with  design  frequencies  of  100, 
200,  and  300  Hz.  The  aperture  was  300  m; 
the  array  was  towed  at  a  depth  of  100m, 

60m  behind  the  ship.  The  data  reported 
in  this  paper  was  collected  in  a  24-hr 
period  at  a  site  north  of  Jan  Mayen 
Island.  The  ship  tracks  are  shown  in 
Fig .  2. 

The  noise  directionality  measure¬ 
ments  with  this  array  reveal  that  ice 
edge  noise  Is  more  nearly  characterized 
as  emanating  from  a  few  localized 
sources  rather  than  as  a  continuous 
line.  These  "hot  spots"  were  clearly 
resolvable  from  the  towed  array  data  at 
ranges  of  15  or  more  miles  from  the 
ice  edge;  they  persisted  as  dominant 
sources  for  many  hours.  The  mechanisms 
of  noise  generation  have  not  been 
identified,  but  a  spectral  slope  of 
12  dB  per  octave  separated  these  sources 
from  typical  sea  noise,  which  has  a 
spectral  slope  of  6  dB  per  octave.  The 
hot  spot  noise  is  hypothesized  to  be 
generated  by  ocean  swell  interaction 
with  highly  concentrated  floes. 
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DATA  ANALYSIS 

Whether  ice  edge  noise  is 
distributed  over  a  continuous  line  or 
concentrated  at  a  few  hot  spots  can 
be  distinguished  by  spatial  distributions 
of  the  received  noise  levels.  In  the 
case  of  a  continuous  line  noise  source, 
noise  levels  will  decrease  with  distance 
between  the  receiver  and  the  ice  edge. 

This  decrease  of  noise  level  can  be 
measured  with  an  array  towed  either  away 
from  or  toward  the  ice  edge.  On  the 
other  hand,  if  the  array  is  towed  parallel 
to  the  ice  edge,  little  variation  of  the 
noise  level  should  be  expected  during 
one  tow,  assuming  that  the  average 
source  level  remains  constant  throughout 
the  experiment.  The  noise  should  be 
spread  across  many  beams  in  the  beamformed 
output  when  the  array  is  parallel  to  the 
ice  edge,  but  concentrated  near  end  fire 
directions  when  the  array  is  normal  to 
the  ice  edge. 

If  the  ice  edge  noise  is  concentrated 
at  a  few  localized  hot  spots,  beam  noise 
levels  will  not  follow  the  pattern 
described  above;  instead  the  noise  should 
peak  at  a  few  dominant  beams.  The  relative 
bearings  of  high  power  noise  beams  should 
change  as  the  array  changes  location  and 
orientation,  always  pointing  toward  the 
hot  spots.  In  other  words,  the  noise  can 
be  treated  as  target-like  and  can  be 
localized  using  standard  analysis  involving 
towed  array  data  of  different  tow  locations/ 
orientations . 

The  resultant  data  were  subdivided 
into  3.2  minute  segments,  Fourier 
transformed  with  a  window  of  3.2  sec, 
and  beamformed  at  several  frequencies 
in  the  frequency  range  100  to  500  Hz. 

Beam  outputs  for  each  3.2  rain,  data  sample 
were  plotted,  and  bearings  of  the  high 
noise  power  peaks  were  logged. 


One  of  the  major  unwanted  noise 
sources  was  tow-ship  generated  noise. 

The  ship  generated  noise  always 
appeared  at  fixed  beams  whereas  ice 
edge  noise  moved  to  different  beams 
as  the  array  changed  location  and 
orientation.  The  direct  arrival  of 
the  ship  noise  was  dominant  in  the 
near  endfire  direction  of  the  towed 
array  (pointing  toward  the  ship); 
bottom  reflected  ship  generated  noise 
was  evident  near  5  deg  from  broadside, 
consistent  with  geometrical  considera¬ 
tions.  These  two  noise  sources  were 
readily  identified  in  the  beam  output 
data  and  were  excluded  from  analysis. 

The  bearings  of  the  dominant  noise 
level  peaks  for  the  major  runs  in  Fig. 

2  are  plotted  in  Fig.  3.  The  left- 
right  ambiguity  of  the  beam  output  was 
resolved  with  towed  array  data  of 
different  heading  directions.  Analysis 
of  sequential  beam  power  vs  angle  data 
displays  revealed  that  noise  level  peaks 
in  two  or  three  directions  consistently 
pointed  to  spatially  well  defined  hot 
spots.  The  spatial  extent  of  these  spots 
was  less  than  5  km. ,  and  the  nominal  separa 
tion  between  spots  was  about  30  km.  The 
hot  spots  illustrated  in  Fig.  2  persisted 
over  at  least  several  hours.  Noise 
peaks  which  appeared  only  temporarily 
are  not  shown. 

The  array  heading  was  not  measured; 
it  was  assumed  to  coincide  with  the  ship’s 
heading.  Azimuthal  wander  of  the  array 
would  spatially  smear  the  hot  spots.  Hence 
the  estimated  dimension  of  these  spots 
should  be  considered  upper  bounds. 

The  location  of  the  ice  edge  (Fig.  2) 
was  surveyed  by  the  tow  ship  about  10  hours 
prior  to  the  acoustic  measurements.  Since 


the  ice  edge  moves  with  a  nominal  speed 
of  one  half  knot  in  unknown  directions, 
the  locations  of  the  hot  spots  relative 
to  the  ice  edge  are  uncertain  by  about 
+  8  km.  This  implies  that  hot  spots 
occur  in  close  proximity  to  the  ice 
edge,  but  not  necessarily  just  within 
the  ice  boundary  as  Fig.  2  might  suggest. 

Aerial  photographs  can  provide  a 
more  accurate  determination  of  the  ice 
edge  location.  Unfortunately,  the  very 
limited  set  of  aerial  photographs 
obtained  during  this  experiment  did  not 
cover  the  points  where  the  ice  was 
noisiest.  Currently  available  satellite 
information  is  of  insufficient  resolution 
to  be  useful. 

The  spatial  extent  and  nominal 
separation  of  the  noise  generators 
resemble  the  dimensions  of  eddies  in 
the  East  Greenland  Sea-,  suggesting  a 
possible  link  between  noise  hot  spots 
and  ocean  eddies  (a  subject  beyond  the 
scope  of  this  paper) . 

The  spectral  shape  of  ice  edge 
noise  associated  with  the  hot  spots 
is  clearly  distinct  from  typical  sea 
noise.  The  beam  output  in  the  100  to 
500  Hz  range  showed  a  spectrum  of  12  dB 
per  octave,  as  compared  with  typical 
sea  noise  of  6  dB  per  octave.  This 
result  not  only  distinguishes  ice  edge 
noise  from  typical  sea  noise,  but  also 
provides  a  clue  to  the  generating 
mechanism.  Additional  analysis  will 
hopefully  provide  an  estimate  of  the 
vertical  radiation  pattern. 

SUMMARY 


from  widely  separated,  spatially  well 
defined  hot  spots.  Ice  edge  noise  is 
characterized  by  a  12  dB  per  octave 
spectrum,  compared  with  the  6  dB  per 
octave  spectrum  of  typical  sea  noise. 
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FIGURE  CAPTIONS 

1.  Ambient  noise  at  compact  and  diffuse 
ice  edge  vs  distance  for  comparison 
with  noise  levels  under  ice-free  and 
totally  ice-covered  conditions. 

2.  Locations  of  ice  edge,  ship  tracks 
and  observed  high  noise  areas  (hot 
spots ) . 

3.  High  level  noise  beams  pointed  to 
the  noise  hot  spots. 


High  resolution  towed  array 
measurements  reveal  that  noise  in  the 
vicinity  of  the  ice  edge  is  horizontally 
anisotropic;  noise  level  peaks  emanate 
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ABSTRACT 

Oil  industry  activities  in  the  Beaufort  Sea  north 
of  Alaska  and  Canada  are  increasing,  and  some  of 
the  attendant  sounds  will  propagate  into  the  deep 
water  of  the  Arctic  Ocean.  Eash  August  from  1980 
to  1984  we  measured  ambient  and  industrial  sounds 
in  the  shallow  waters  (generally  <50  m)  of  the 
eastern  Beaufort  Sea.  The  sound  sources  included 
drillships,  hopper  and  transfer  dredges,  crew 
boats,  supply  boats,  fixed  wing  aircraft  and 
helicopters,  and  marine  seismic  survey  sources 
like  airgun  arrays.  Analysis  results  include 
waveforms  and  waterfall  spectrograms  of  transient 
sounds,  like  seismic  survey  signals,  and  power 
spectra  spanning  20-1000  Hz,  1.7  Hz  resolution, 
and  80-8000  Hz,  27.2  Hz  resolution,  of  continuous 
sounds.  [Work  supported  by  the  Minerals 
Management  Service,  U.S.  Department  of  the 
Interior. ] 


INTRODUCTION 

The  Department  of  Interior  leases  offshore  areas 
for  oil  and  gas  exploration  and  development. 
Among  the  areas  of  special  interest  are  Alaskan 
coasts  along  the  Bering,  Chukchi,  and  Beaufort 
Seas. 

The  Department  is  also  responsible  for 
environmental  concerns  in  offshore  lease  areas, 
and  the  Alaskan  natives  living  along  the  western 
and  northern  coasts  have  expressed  strong  concern 
about  the  possible  effects  of  industrial 
activities  on  marine  mammals,  especially  bowhead 
whales. 

Bowheads  are  considered  to  be  the  most  endangered 
of  the  whale  species.  Wintering  near  the  ice  edge 
in  the  Bering  Sea,  they  swim  north  through  the 
Bering  Straits  to  Pt.  Barrow  in  late  April  and 
May  each  year.  From  Pt.  Barrow  they  swim  through 
the  ice  of  the  deep  Beaufort  Sea  to  the  Canadian 
Islands.  They  summer  in  the  eastern  Beaufort, 
feeding.  In  September  and  early  October,  they 
migrate  westward  across  the  north  coast  of  Alaska, 
where  oil  and  gas  exploration  are  accelerating. 


Among  the  perceived  problems  industry  activity  may 
provide  bowheads,  only  concern  about  oil  spills 
exceeded  the  concern  shout  the  possible  effects  of 
industrial  noise.  To  study  such  noise  and 
bowheads,  the  Minerals  Management  Service  (MMS) 
contracted  with  LGL,  Inc.  for  a  study  of  bowheads 
and  industrial  noise.  The  study  included  field 
experiments  during  August  each  year  from  1980-84. 
This  field  work  took  place  in  the  shallow  waters 
of  the  Canadian  Beaufort  Sea  and  was  based  at 
Tuktoyaktuk,  North  jest  Territories,  Canada.  (See 
Figure  1.)  Canadian  oil  companies  have  been 
active  with  seismic  surveys,  drillships,  and 
dredges  building  artificial  islands  since  the  mid 
1970's,  providing  a  wide  range  of  noise  types. 
With  bowheads  summering  in  the  same  area, 
circumstances  were  close  to  ideal  for  the  study. 

A  crew  of  five  biologists  studied  bowheads  from  a 
twin-engine  Bri tten-Norman  Islander  flying  1500  or 
2000  ft  above  the  sea.  (At  lower  altitudes  there 

was  evidence  the  airplane  disturbed  the  whales.) 
Sonobuoys  were  dropped  with  each  group  of  whales 
to  determine  the  levels  and  qualities  of  the 
sounds  to  which  they  were  exposed.  The  sounds 
radioed  back  to  the  airplane  were  tape  recorded 
for  later  analysis. 

An  acoustician  and  two  biologists  worked  from  a 
chartered  12.5  m  fishing  boat  to  make  sound 
measurements  and  whale  observations.  They  alsa 
deployed  an  underwater  sound  projector  for 
controlled  playback  experiments  of  previously 
recorded  industrial  noise  (drillship  and  dredge). 

This  paper  presents  results  of  noise  measurements 
from  the  boat  and  the  sonobuoys.  Examples  are 
presented  of  ambient  noise,  aircraft  sounds,  boat 
and  ship  sounds,  seismic  survey  signals,  and  the 
sounds  of  drillships,  dredging,  and  artificial 
island  operations.  We  conclude  with  a  summary  of 
all  these  sound  sources  and  a  discussion  of 
possible  transmission  into  the  deep  water  of  the 
Arctic  Ocean. 
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RESULTS 

Ambient  Noise 

The  project  did  not  include  a  systematic  study  of 
ambient  noise,  but  many  recordings  and  analyses 
were  made  when  industrial  noise  was  not  present  or 
was  only  incidental.  Figure  2  presents  six  sound 
pressure  spectra.  The  dashed  curves  correspond  to 
Knudsen's  Sea  State  Zero  noise  spectrum  extended 
to  20  Hz  and  are  presented  for  comparison.  (A)  is 
a  sample  of  noise  recorded  near  melting  ice  floes. 
The  three  narrowband  components  are  from  the 
Islander.  (B)  is  the  same  noise  sample  analyzed 
to  8000  Hz.  (C)  and  (D)  were  recorded  from  the 
drifting  boat  and  show  spectra  for  a  quiet  time. 
They  also  show  that  ambient  sounds  at  depth  3  m 
are  lower  in  level  than  those  at  depth  18  m,  in 
accordance  with  theory  for  waterborne  sound  near 
the  air-water  interface.  (E)  and  (F)  provide  a 
comparison  of  sonobuoy-  and  boat-measured  sounds 
recorded  8  hours  apart.  (F)  includes  some  strong 
tones  from  an  unknown  source  at  low  frequencies. 

Aircraft  Noise 

All  the  spectra  in  Figure  3  were  computed  from 
recordings  made  on  the  boat.  The  tones 
corresponded  to  propeller  blade  rates  and,  in  the 
case  of  the  Islander,  cylinder  firing  rates.  The 
Sikorsky  61,  the  Bell  212  and  the  Bell  214ST  were 
used  routinely  to  support  offshore  work  from 
Tuktoyaktuk.  The  waterfall  spectrogram  in  (F) 
corresponds  to  the  averaged  spectrum  in  (B). 

Boat  and  Ship  Sounds 

Figure  4  presents  sound  pressure  spectra  for 
several  vessels  underway.  (A)  is  the  spectrum  for 
'Imperial  Sarpik1,  a  21  m  twin-engine  crewboat. 
The  dip  in  the  low  frequency  portion  of  the 
spectrum  is  an  effect  of  the  shallow  water  sound 
propagation.  The  bow  thrusters  on  'Supplier  III1, 
Figure  4B,  provided  tones  in  a  harmonic  family 
extending  to  1  kHz.  (C)  is  the  spectrum  of  a 
supply  boat  with  twin  engines  totaling  2200  SHP. 
(D)  is  the  spectrum  for  a  hopper  dredge,  capacity 
8000  underway  with  a  full  load.  This  dredge, 
'Geopotes  X1,  was  the  noisiest  vessel  we  measured 
during  the  five  year  project.  We  were  later  told 
that  the  ship  was  operating  with  a  damaged 
propeller,  which  was  repaired  before  the  following 
year.  'Cornells  Zanen',  Figure  4E,  was  for 
another  large  hopper  dredge  underway.  'Gulf 
Beaufort1,  a  153,000  ton  supertanker,  was  anchored 
when  the  sounds  were  recorded  leading  to  Figure 
4F. 

Figure  5  summarizes  the  sound  levels  in  the 
20-1000  Hz  band  vs  range  for  several  vessels.  The 
strongest  sounds  came  from  'Geopotes  X',  as 
previously  stated.  The  weakest  sounds  came  from 
'Arctic  Sounder',  a  survey  boat  anchored  and 
running  only  a  housekeeping  generator. 


Seismic  Survey  Sounds 

The  highest  amplitude  industrial  sounds  recorded 
were  those  from  geophysical  survey  ships,  but  they 
were  short-lived  transients,  repeating  at  8  to  15 
s  intervals.  Sources  were  arrays  of  airguns, 
sleeve  exploders,  or  open-bottom  gas  guns. 
Examples  are  presented  in  Figure  6  of  signals  from 
the  open-bottom  gas  guns  on  'Arctic  Surveyor' 
operating  in  water  11-13  m  deep.  (A)  and  (B)  are 
the  time  and  frequency  signatures  of  a  signal  at 
range  0.9  km;  the  energy  is  concentrated  at 
frequencies  below  10C  Hz.  (C)  and  (D)  are  for 
range  3.7  km,  for  which  the  low  frequencies  arrive 
first,  via  bottom  paths,  and  the  waterborne  energy 
is  found  at  frequencies  above  200  Hz.  (E)  and  (F) 
are  for  range  14.8  km,  for  which  only  the  higher 
frequency  waterborne  energy  remains.  We  believe 
we  crossed  a  geological  discontinuity  between  the 
3.7  and  14.8  km  ranee  stations,  where  the  low 
frequency  bottom  traveling  energy  was  severely 
attenuated. 

Drilling  Sounds 

'Explorer  II'  was  one  of  four  drillships  operating 
in  the  Beaufort  Sea;  Figures  7  (A)  and  (B)  are 
spectra  for  near  and  far  ranges,  respectively. 
'Kulluk'  was  a  conical  drilling  unit  (CDU) 
operating  for  Gulf  Canada.  Spectra  for  various 
hydrophone  depths  and  ranges  are  presented  in  (C) 

-  (F). 

Figure  8  presents  a  summary  of  drilling  vessel 
sounds  in  the  20-1000  Hz  band  vs  range.  'Kulluk', 
the  largest  such  vessel,  also  appears  to  be  the 
noisiest,  although  there  were  support  boats 
operating  in  the  vicinity  and  contributing  to  the 
noise.  Drillship  'Explorer  I1,  during  logging, 
was  the  quietest  drilling  vessel  measured.  For 
comparison,  the  sound  levels  are  presented  for  a 
caisson  retained  island  ( CR I )  recorded  during 
drilling  at  Amerk  (See  Fig.  1). 

Dredging  Sounds 

Figure  9  presents  spectra  of  sounds  from  dredges 
recorded  during  dredging  operations.  'Beaver 
Mackenzie'  was  a  transfer  dredge.  (A)  and  (B) 
present  spectra  including  a  tone  from  'Beaver 
Mackenzie'  at  1775  Hz,  an  unusually  high  frequency 
for  a  machinery  tonal  sound.  Three  years  later, 
in  1983,  the  dredge  had  been  refurbished  and  the 
spectrum  levels  changed  (Fig.  9c).  (D)  is  for 
'Cornelis  Zanen'  picking  up  a  load.  (E)  and  (F) 
are  for  transfer  dredge  'Aquarius'  at  near  and  far 
ranges . 

Figure  10  presents  e.  summary  of  dredge  sounds, 
20-1000  Hz  band  levels  vs  range.  'Cornelis  Zanen1 
picking  up  a  load  w as  the  strongest  source  of 
dredging  noise,  while  transfer  dredge  'Beaver 
Mackenzie1  in  1983  was  the  weakest. 
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Island  Operations 


Figure  11  presents  spectra  for  sounds  recorded 
near  three  caisson  retained  islands.  (A)  and  (B) 
are  for  'Tarsiut\  where  drilling  had  been 
completed  and  testing  was  underwy,  and  there  were 
several  support  vessels  operating  in  the  vicinity. 
(C)  and  (D)  are  for  'Kadluk',  which  was  under 
construction  at  the  time  although  most  of  the 
sounds  probably  were  from  nearby  vessel  operation, 
(E)  and  (F)  are  for  'Amerk1,  where  drilling  was 
taking  place. 


SUMMARY 


Figure  12  represents  an  attempt  to  present  summary 
levels  for  all  the  different  types  of  sound 
sources  except  aircraft.  The  format  is  20-1000  Hz 
band  levels  vs  range.  The  strongest  levels  were 
those  from  the  transient  seismic  survey  signals, 
especially  the  airgun  array  on  ' GS I  Mariner1.  The 
received  levels  of  signals  from  the  sleeve 
exploders  on  'Arctic  Surveyor',  ranges  8-28  km, 
fit  a  model  with  two  range-dependent  terms: 

-10*log(R)  -  1.4*R,  where  R  was  in  km.  The  first 
term  is  the  cylindrical  spreading  loss  term  and 

the  second  is  an  absorpti on/scatter i ng  loss  term. 
'Geopotes  X1  was  the  strongest  noise  source.  The 
weakest  source  presented  here  was  'Imperial  Adgo1, 
a  16  m  crewboat. 

Also  presented  on  Figure  12  are  the  20-1000  Hz 
band  levels  expected  for  Sea  State  Zero  and  Sea 
State  Two.  The  median  levels  of  the  ambient  noise 
samples  from  both  the  sonobuoy  and  the  boat 

recordings  in  1984  were  within  1  dB  of  the  Sea 

State  Two  band  level.  It  should  be  noted  that 
because  neither  the  boat  nor  the  airplane  could 
operate  during  storms  and  severe  weather,  the 
computed  median  levels  are  probably  biased  below 
the  actual  median  levels. 

DISCUSSION 


Navy  research  and  operations  in  the  deeper  waters 
of  the  Arctic  Ocean  may  be  affected  by  sounds  from 
the  continental  shelf  areas  of  northern  Alaska  and 
Canada.  In  particular,  seismic  survey  sources  and 
noisy  ships  may  transmit  sounds  into  deepwater 
during  the  months  from  July  into  October  while  the 
ice  is  sufficiently  thin  to  permit  navigation. 
For  example,  unmanned  drifting  data  buoys  in  the 
Beaufort  Gyre  collecting  ambient  noise  data  in 
summer  and  fall  could  easily  be  affected  by  the 
arrival  of  seismic  signals,  but  no  one  would  know 
that  sources  other  than  ice,  wind,  and  seals 
accounted  for  observed  levels. 
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FIGURE  1.  Hap  of  the  study  area,  east-central  Beaufort  Sea,  showing  recording 
sites  mentioned  in  text. 
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FIGURE  2,  Examples  of  ambient  noise  sound  pressure  spectra*  The  extended 
sea  state  zero  spectrum  has  been  added  for  reference* 
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FIGURE  3.  Aircraft  spectra:  (A)  deHavilland  Twin  Otter  overhead  at  altitude 
457  m;  (B)  Britten-Norman  Islander  overhead  at  altitude  610  m;  (C)  Bell  212 
helicopter  overhead  at  altitude  305  m;  (D)  Sikorsky  61  helicopter  about  20° 
from  overhead,  altitude  152  m;  (E)  Bell  214ST  helicopter  about  55°  from 
overhead,  altitude  152  m;  (F)  waterfall  spectrogram  of  the  Islander  overhead 
at  610  m. 
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FIGURE  4.  Representative  boat  and  ship  sound  spectra.  (A)  is  for  crewboat 
'Imperial  Sarpik'  at  range  2.8  km.  (B)  is  for  the  bow  thrusters  on  'Canmar 
Supplier  III'  at  range  0.2  km.  (C)  is  for  'Canmar  Supplier  VIII'  at  range 
0.2  km.  (D)  is  for  hopper  dredge  'Geopotes  X'  at  range  0.5  km.  (E)  is  for 
hopper  dredge  'Cornells  Zanen'  at  range  2.4  km.  (F)  is  for  anchored  tanker 
'Gulf  Beaufort'  at  range  0.2  km.  Hydrophone  depth  was  9  or  18  m  in  each 
case.  429 
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VESSELS 
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o  Imperial  Sarpik 

•  Sequel 
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FIGURE  5 .  Boat  and  ship  sound 
vs.  range.  All  values  are  from 
are  also  presented  in  Table  5. 


levels  in  the  20-1000  Hz  band,  in  dB//l/iPa, 
hydrophones  at  depths  18  or  9  m.  These  data 
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FIGURE  6.  Waveforms  and  waterfall  spectrograms  of  signals  from  open-bottom  gas  guns  at  ranges  0.9,  3.7,  and  14.8 
km.  Water  depth  was  9-11  m;  hydrophone  depth  was  8  m. 


FIGURE  7  .  Sound  pressure  spectra  for  drillships  'Explorer  II'  and  Conical 
Drilling  Unit  'Kulluk'  from  recordings  made  while  drilling. 
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FIGURE  8,  Drillship  sound  levels  in  the  20-1000  Hz  frequency  band  vs,  range 
for  three  drilling  vessels.  Levels  near  a  drilling  operation  on  a  caisson- 
retained  island  are  also  shown  for  comparison.  The  hydrophone  depth  was  9-18 
ra  in  each  case* 
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FIGURE  9  .  Sound  pressure  spectra  from  working  dredges. 
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FIGURE  10.  Dredge  sound  levels  in  the  20-1000  Hz  frequency  band  vs. 
for  dredges  that  were  actively  dredging;  hydrophone  depths  9-18  m. 
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FIGURE  ill.  Sound  pressure  spectra  from  operations  at  caisson  islands 
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FIGUP2  12.  Summary  of  levels  vs.  range  for  various  industrial  sounds. 
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ABSTRACT 


Propagation  of  acoustic  waves  in  an  ocean 
waveguide  bounded  above  by  plane  ice  layers  can 
be  readily  modeled  using  a  Fast  Field  Program 
(FFP ) .  The  direct  global  matrix  FFP  formulation 
embodied  in  the  SAFARI  algorithm  of  Schmidt  and 
Jensen  [1]  permits  rapid  computation  of 
transmission  loss  from  a  continuous  wave  point 
source  as  a  function  of  receiver  range  for 
multiple  source  and  receiver  depths.  Various 
shear  and  compressional  velocity  models  of 
Arctic  sea  ice  were  investigated  to  show  the 
effects  of  physical  parameters  on  reflectivity 
and  net  transmission  loss  below  5  kHz.  Special 
attention  is  given  to  the  effect  of  the  ice- 
water  interface  and  how  the  existence  of  this 
layer  is  important  to  accurate  acoustic 
prediction  in  the  Arctic. 


1.  INTRODUCTION 


Calculations  of  reflection  loss  from  sea  ice  can 
be  made  provided  we  know  the  sound  speed  and 
attenuation,  both  compressional  and  shear,  the 
density,  and  the  variation  of  these  parameters 
with  depth.  We  have  considered  such  ice  models 
from  measurements  by  Bunney  and  Hanse  [4],  and 
from  Bogorodskii  and  his  co-workers  of  the 
Arctic  and  Antarctic  Scientific  Research 
Institute  (AANII)  in  the  Soviet  Union  [5,6,7]. 
These  ice  models  show  a  fine  structure  which  we 
feel  is  not  atypical  of  what  would  be  found  in 
nature,  but  clearly  could  not  represent  the 
depth  and  breath  of  all  sea  ice  for  which 
variations  are  quite  wide.  Arctic  sea  ice  can 
be  characterized  by  parameters  such  as:  1)  the 
age  of  the  ice,  first-year,  second-year,  and 
multi-year,  2)  the  season,  winter  ice  having  for 
example  quite  a  different  structure  from  summer 
ice,  3)  snow  cover,  4)  location,  and  5)  the 
water-ice  interface,  which  we  will  refer  to  as 
formative  ice.  These  parameters  are  not 
independent.  For  example,  season  will  affect 
snow  cover.  We  will  focus  on  the  final 
parameter,  formative  ice,  and  how  this  layer 
affects  the  reflection  loss  from  sea  ice  when  it 
is  ensonified  from  the  water  at  low  grazing 
angles . 


Acoustic  propagation  in  the  Arctic  is 
distinguished  by  the  interaction  of  sound  with 
an  ice  cover  which  in  most  cases  is  treated  as  a 
rigid  scatterer  of  that  sound.  Arctic  ice  is 
not  a  homogeneous  body,  but  a  porous  one,  the 
cells  and  capillaries  of  which  are  filled  with 
brine,  silt  and  air.  Mayer,  et  al  [2],  have 
shown  that  if  ice  is  treated  as  a  non-fluid  half 
space  over  water,  then  changes  in  the  physical 
parameters  (sound  speed,  density,  etc.)  can 
significantly  affect  reflection  from  ice  of  a 
water-borne  sonic  signal.  McCammon  and  McDaniel 
[3],  using  a  five  layer  model  of  several  overall 
thicknesses  showed  the  affects  on  reflectivity 
when  physical  parameters  are  varied.  In  this 
presentation  we  will  consider  what  physical 
properties  of  Arctic  sea  ice  will  affect,  in  a 
significant  way,  the  propagation  of  sound  in  a 
typical  Arctic  underwater  sound  channel. 


2.  METHOD  OF  SOLUTION 


The  SAFARI  Fast  Field  Program  (FFP)  of  Schmidt 
and  Jensen  [1],  as  with  other  FFP  algorithms  due 
to  DiNapoli  [8,9],  and  Kutschale  [10],  is  based 
on  a  direct  numerical  evaluation  of' the  Bessel- 
Hankel  integral,  obtained  by  solving  for  the 
multi-layer  dept h- dependent  Green’ s  function. 
Numeric  integration  is  accomplished  by  employing 
the  FFT  with  the  transform  variables  from 
horizontal  wavenumber  to  range  to  evaluate 
complex  pressure. 


The  difference  in  SAFARI  with  respect  to  other 
FFP  models  is  its  approach  to  the  acoustic 
field.  The  total  field  is  considered  as  a 
superposition  of  two  fields,  one  field  produced 
by  sources  in  the  absence  of  boundaries,  and  an 
unknown  field  satisfying  the  homogeneous  wave 
equation.  The  unknown  field  is  determined  from 
boundary  conditions  which  are  satisfied  at  each 
interface.  This  approach  is  equivalent  to  the 
method  of  Ewing,  et  al  [11].  In  this  approach 
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3.  ICE  MODELS 


4.  REFLECTION  LOSS 


Two  models  of  Arctic  sea  ice  are  used  in  this 
study.  The,  first,  the  Bunney-Hanse  [4]  profile 
was  chosen  because  it  represents  direct 
measurements  of  first  year  ice  made  In  the 
Chukchi  Sea  in  1973.  This  profile  lacks  some  of 
the  very  fine  structure  we  would  hope  to 
consider,  but  we  feel  that  it  does  help  in 
placing  our  conclusions  on  a  firm  foundation. 
The  second,  the  Bogorodskii  A AN  1 1  [5,6,7]  ice 
profile,  is  a  generic  type  of  profile 
i ncor por at i ng  many  of  those  attributes  that 
could  be  found  in  ” typical”  Arctic  sea  ice. 


Figure  1  shows  the  Bunney-Hanse  profile,  where 
the  solid  line  indicates  the  compressional  sound 
speed,  and  the  dotted  line  the  shear  speed.  A 
relationship  for  attenuation  is  derived  from 
experimental  data,  and  is  the  same  a  that  used 
by  McCammon  and  McDaniel  [3],  where,. 

a  =  0.06  f  (-6/T)2/3 


B  -  0.36  f  (-6/T)273 


a  -  compressional  attenuation  in  dB/m 
8  -  shear  attenuation  in  dB/m 
f  -  frequency  in  kHz 

T  -  temperature  in  degrees  centigrade,  for 
temperatures  between  -2°C  and  ~20°C. 

Bunney  and  Hanse  measured  the  temperature 
gradient  in  the  ice  to  be  about  -20°C  at  the 
surface,  and  -2°C  at  the  water-ice  interface 
with  an  approximate  linear  gradient  in  between. 
The  density  was  taken  to  be  0.9  gm/cm3  in  the 
ice  with  a  slight  increase  to  1.0  gm/cm3  at  the 
water-ice  interface. 


The  Bogorodskii  AANII  profile  is  shown  in  figure 
2.  We  used  the  same  temperature  with  depth 
dependency  that  was  used  in  the  Bunney-Hanse 
profile,  and  the  density  is  treated  the  same 
except  for  a  decrease  to  0.75  gm/cm3  in  the  snow 
layer.  The  bottom  10  cm  of  the  AANII  profile  is 
plotted  in  figure'  3,  showing  about  a  2  cm 
formative  ice  layer.  It  is  this  layer  which 
takes  on  some  importance  in  propagation  loss  in 
Arctic  waters.  We  will  present  modeling  results 
which  show  that  this  layer  acts  as  a  sound 
channel  permitting  acoustic  energy  to  enter  the 
ice  when  that  sound  interacts  at  the  small 
grazing  angles,  typically  found  in  Arctic 
propagation.  The  Bunney-Hanse  measurements  do 
not  show  this  formative  ice  layer  to  the  extent 
that  is  seen  in  the  AANII  profile.  It  is  clear 
that  the  spacial  resolution  was  such  that  Bunney 
and  Hanse  could  not  detail  this  part  of  the  ice. 
However,  the  curve  in  figure  1  which  shows 
shear,  does  indicate  some  tendency  towards  a 
formative  layer.  In  both  cases  just  discussed 
the  ice  layers  are  backed  by  air. 


The  Bunney-Hanse  profile  was  modeled  using  16 
layers,  and  figure  4  shows  reflection  loss 
versus  grazing  angle  at  500  Hz  for  that  profile. 
The  solid  line  Is  the  reflection  loss  with  the 
full  profile  used  in  the  calculation,  while  the 
dashed  line  represents  the  result  for  reflection 
loss  obtained  when  only  the  average  value  of  all 
parameters  are  used,  that  is  sound  speed, 
density,  and  attenuation,  of  single  homogeneous 
ice  layer  backed  by  air.  We  see  that  at  low 
grazing  angles  there  is  less  loss  for 
homogeneous  ice.  We  feel  that  this  difference 
Is  due  primarily  to  the  decrease  in  sound  speed, 
in  particular  shear  speed,  at  the  water-ice 
interface.  This  interface  is  a  channel  which 
enables  sound  to  enter  the  ice,  were  as  its 
absence  does  not  permit  such  penetration. 


Figure  5  shows  a  transmission  loss  model 
calculation  in  an  Arctic  sound  channel  (here  a 
deep  water  Beaufort  Sea  sound  speed  profile  was 
used).  The  solid  line  shows  a  result  obtained 
with  no  surface  loss  considered.  The  dashed 
line  is  the  same  calculation  with  the  reflection 
loss  as  determined  from  the  full  Bunney-Hanse 
profile  in  flat  ice.  Using  the  averaged  Bunney- 
Hanse  profile  reflection  loss,  a  transmission 
loss  result  was  obtained  that  was  little 
different  from  the  result  with  no  surface  loss. 
The  difference  in  the  two  curves  in  figure  5 
suggests  that  a  formative  ice  layer  does  have 
some  affect  on  propagation  loss. 


The  Bogorodskii  AANII  profile  was  then  modeled 
using  41  layers.  Figure  6  is  a  plot  of  our 
resul ts ' showing  reflection  loss  verses  grazing 
angle  for  all  frequencies  under  5000  Hz.  The 
frequency  and  grazing  angle  are  in  the  X-Y 
plane,  with  the  reflection  loss  upward  in  the  Z 
direction.  At  low  grazing  angles  there  is 
considerable  reflection  loss  indicated.  If  the 
effect  of  the  formative  ice  layer  is  neglected 
there  is  an  absence  of  such  reflection  loss  at 
low  grazing  angles  as  seen  in  figure  7.  The 
figure  7  results  were  obtained  with  the  same 
AANII  profile  model,  except  the  formative  ice 
layer  has  been  removed,  and  the  parameters  which 
are  at  1 0  cm  from  the  water  ice  interface  are 
extended  to  that  interface.  The  results  in 
figure  8  are  for  a  homogeneous  ice  layer  of  the 
same  thickness  using  the  parameters  at  the 
center  of  the  AANII  profile.  Both  figure  8  and 
figure  7  show  a  very  flat  region  at  low  grazing 
angles,  i.e.  the  formative  ice  layer  is  not 
present  to  allow  energy  to  enter  the  ice. 
Figure  9  shows  the  reflection  loss  versus 
grazing  angle  for  4500  Hz.  The  solid  line  is 
the  full  AANII  profile,  while  the  dashed  line  is 
the  same  profile  with  the  formative  ice  layer 
removed.  At  the  low  grazing  angles  the 
difference  in  transmission  loss  is  quite 
significant,  as  can  be  seen  in  figure  10  when 
transmission  loss  is  modeled  for  the  full'  AANII 
profile  (dash),  and  for  a  case  with  no 


reflection  loss  (solid). 


5.  THE  FORMATIVE  LAYER 


In  section  4  we  showed  that  the  presence  of  a 
formative  ice  layer  has  a  significant  enough 
effect  on  propagation  that  the  question  of  its 
existence  and  nature  is  of  considerable 
importance.  E.  R.  Pounder  [12]  writes  of  the 
water-ice  interface  as  being  between  1  and  2  cm, 
consisting  of  pure  ice  platelets  with' layers  of 
brine  between  them,  W,  L.  Weeks  [13]  Has 
confirmed  that  the  formative  ice  layer  is  about 
2  cm  and  is  considered  to  be  uniform  throughout 
most  of  the  Arctic.  Bogorodskii's  model  of 
formative  ice  was  our  only  available  source,  and 
although  based  on  careful  measurements  is 
subject  to  verif ication. 


The  thickness  of  the  formative  ice  we  feel  is  a 
matter  of  some  importance  since  our  calculations 
show  that  reflection  loss  is  affected  by  that 
thickness  in  two  ways:  1 )  the  level  of 
reflection  loss,  and  2)  the  frequency  at  which 
large  losses  or  modal  peaks  can  occur.  Figure 
11  shows  reflection  loss  plots  for  various 
thicknesses  of  formative  ice.  In  these  examples 
the  2  cm  formative  ice  layer  has  been  shrunk 
uniformly  to  75%  (figure  11b)  and  50%  (figure 
11c)  of  the  original  thickness.  Figure  11a  is 
the  original  AANII  reflection  loss  plot  shown  in 
figure  6.  The  levels  of  reflection  loss  are 
down  in  figures  11b  and  lie.  Furthermore,  the 
modal  peaks  which  occur  at  'low  grazing  angles  in 
11a  have  shifted  in  frequency.  The  behavior  of 
reflection  loss  in  the  presence  of  formative  ice 
is  clearly  complex,  representing  a  very 
important  factor  in  determining  reflectivity  and 
transmission  loss. 


6.  CONCLUSIONS 


The  formative  ice  layer  as  constructed  in  the 
Bogorodskii  AANII  model  is  sensitive  parameter 
in  the  determination  of  reflection  loss.  Our 
results  using  the  Bunney  and  Hanse  measurements 
confirm  that  their  empirical  ice  parameters  do 
yield  results  consistent  with  the  Bogorodskii 
model  even  in  the  absence  of  measured  fine 
structure.  Also,  variation  in  the  details  of 
the  formative  ice  layer  can  cause  significant 
variation  in  the  reflection  loss  both  in 
intensity  and  frequency.  It  may  be  predicted 
that  if  surface  loss  due  to  ice-sound 
interaction  is  present,  then  further 
experimental  results  should  show  a  frequency 
dependence  similar  to  what  appears  in  our 
reflection  loss  results  in  figure  6. 


We  feel  that  Arctic  ice  models  currently  used 
require  additional  refinement,  in  order  to  model 
the  frequency  dependence  of  reflection  loss  at 
low  grazing  angles  with  sufficient  accuracy. 
For  example,  the  values  we  used  for  sound 
attenuation  were  of  necessity  extrapolated  from 
higher  frequencies  values  because  there  exist 
few,  if  any,  direct  measurements  of  sound 
attenuation  in  Arctic  ice  in  the  frequency 
ranges  of  our  interest,  due  to  the  inherent 
difficulties  of  working  at  such  low  frequencies. 

We  hope  that  these  results  will  encourage 
further  experimental  work  on  ice-sound 
interaction,  particularly  to  confirm  the  affects 
of  the  formative  ice  layer. 
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ABSTRACT 

This  study  describes  the  propagated  and  scattered  acous¬ 
tic  field  from  a  point  source  to  a  point  receiver  in  an 
approximate  under-ice  environment  characteristic  of  the 
deep  Arctic  Ocean.  Our  model  considers  both  the  azimu¬ 
thal  and  vertical  redistribution  of  scattered  energy 
caused  by  a  rough  surface  overlying  an  upwardly  refrac¬ 
ting,  linear  sound-speed  profile.  The  model  considers 
one  non-specular  surface  scattering  per  path  (connecting 
the  source  with  the  receiver)  coupled  with  any  number  of 
specular  interactions,  each  of  which  suffers  losses  due 
to  scattering  into  non-specular  directions.  The  propaga¬ 
tion  model  is  based  on  ray  theory  while  the  scattering 
model  uses  Twersky's  scattering  cross  section  for  hard  or 
soft  planar  surfaces  roughened  by  hard  or  soft,  hemisphe¬ 
rical  bosses.  Results  at  all  frequencies  show  that  for 
the  hard  and  soft  surfaces  the  strongest  scattered  field 
is  produced  directly  above  the  submerged  source,  that  the 
total  scattered  energy  levels  increase  as  frequency 
increases  while  specular  levels  decrease,  and  that  at 
high  frequency  both  hard  find  soft  surfaces  have  similar 
scattering  levels  and  character. 


o  the  manner  and  the  degree  to  which  single  and 
multiple  scatter  are  significant  in  the  arctic 
environment; 

o  when  important,  are  there  patterns  in  the 
scattering  behavior  which  lead  to  efficient 
computation  of  effects  and  which  point  toward 
methods  and  regimes  where  multiple-scattering 
effects  can  be  treated  practically; 

o  frequencies  for  which  change  in  boundary 

conditions  (hard  versus  soft)  becomes  important. 

These  questions  are  addressed  by  considering  the  azimu¬ 
thal  and  vertical  redistribution  of  energy  caused  by  a 
single  non-specular  interaction  (scattering  event)  per 
path,  while  allowing  for  any  number  of  specular  reflec¬ 
tions,  with  losses,  on  the  remainder  of  the  path  connect¬ 
ing  the  source  and  the  receiver.  This  approach  reveals 
the  possibility  of  taking  advantage  of  the  sharply  peaked 
azimuthal  character  of  the  scattering  cross  section  at 
high  frequency  to  compute  multiple-scattering  effects 
efficiently  in  future  efforts. 


1.  INTRODUCTION 

A  problem  of  continuing  interest  in  underwater 
acoustics  is  that  of  the  scattering  of  acoustic  energy 
by  a  rough  surface.  Such  behavior  is  important,  for 
example,  when  sound  interacts  with  the  rough  bathyme¬ 
try  present  in  large  ocean  areas  in  shallow  to  moderate 
depths,  with  ocean  ridges,  as  well  as  with  the  air- 
water  interface,  and  with  the  water-ice  interface  in 
the  arctic.  In  many  cases  the  energy  can  interact 
with  both  a  rough  bottom  and  a  rough  ocean  surface. 
Here  we  shall  be  particularly  concerned  with  deep¬ 
water  arctic  studies  where  the  upward  refracting  profile 
causes  under-ice  interactions  to  be  of  major  signifi¬ 
cance. 

The  full  problem  of  under-ice  scattering  coupled 
with  the  propagation  of  energy  in  a  realistic  3-D 
environment  is  analytically  intractable.  Hence,  models 
for  solving  this  problem  require  significant  approxi¬ 
mations,  and  even  for  simplified  models  only  various 
components  of  the  full  problem  have  been  examined. 
Nevertheless,  important  insights  can  and  have  been 
made  in  situations  where  the  study  focus  is  sufficiently 
well-defined  as  to  allow  a  segment  of  the  whole  problem 
to  be  isolated.  In  this  vein  the  purpose  of  this  study 
is  to  ascertain: 


2.  THE  MODEL 

The  immediate  aim  of  the  calculations  is  to 
determine  the  azimuthal  distribution  of  total  energy, 
scattered  or  direct  (specularly  reflected)  at  a  point 
receiver  arising  from  a  point  source  (Fig.  l).  It  is 
assumed  that  there  is  only  one  non-specular  interaction 
of  sound  with  the  surface  at  some  arbitrary  point  P. 
All  surface  interactions  from  the  source  to  P  and  from 
P  to  the  receiver  are  regarded  to  result  in  specular 
reflections  only.  Losses  are  incurred  upon  these  reflec¬ 
tions  as  a  result  of  the  scattering.  However,  the  energy 
not  scattered  into  bearing  fb  at  point  P  is  not  consi¬ 
dered  in  calculating  the  energy  arriving  at  the  receiver 
along  bearing  .  At  the  point  P  all  rays  0P*  which 
scatter  azimuthally  into  bearing  angle  A ,  including  those 
scattered  vertically,  are  considered  in  the  family  of  rays 
which  subsequently  propagate  to  the  receiver  (Fig.  2). 
For  A  -  0  (the  direct  bearing)  paths  consisting  of  all 
specular  interactions  (with  losses)  are  also  considered. 
Finally,  the  energy  arriving  at  the  receiver  should  be 
regarded  as  a  sum  of  the  energy  from  all  single  scattering 
and  specular  interactions. 

The  propagation  model  used  in  this  study  is  ray 
theoretic  [l]  with  the  source  and  receiver  separated 
horizontally  and  each  allowed  to  be  located  at  an 
arbitrary  depth  below  the  surface.  The  acoustic  inten¬ 
sity  incident  at  the  receiver  is  computed  as  a  function 
of  incremental  distances  dr  from  the  receiver  to  P 
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1.  Geometry  of  source  and  receiver  configuration* 

a.  Top  view  of  ice  surface  with  geometry  of 
source  location  and  receiver  location,  and 
bearing  line  at  angle  ^  for  energy  incident 
to  receiver.  The  non-specular  interaction 
point  P  of  scattering  lies  on  the  bearing  line. 
The  angle  of  azimuthal  scattering  is 


BEARING  LINE 


2.  Oblique  view  of  Fig.  1.  The  surface  eigenangle^ 
from  source  to  P  having  n  bounces  is  denoted  by  B*n  . 
At  P  the  ray  scatters  azimuthally  while  the  angle 
of  vertical  scatter  at  the  surface  having  m  bounces 
from  P  to  receiver  is  denoted  by  0^.  Since  the 
sound  speed  profile  is  assumed  to  be  an  increasing, 
linear  function  of  depth,  the  ray  paths  are  circular 
arcs. 


b.  Side  view  of  ice  surface  with  «  0  .  Ray 
shown  goes  from  source  to  P  to  receiver  and  is 
backscattered.  For  P  between  source  and 
receiver  such  rays  are  forwardscattered. 

Source  is  at  range  s0  from  the  receiver. 


along  the  specified  bearing  line  (Fig.  l).  The  non- 
specular,  single-point-of -scattering  interaction  lies  with¬ 
in  the  wedge  of  angular  width  d  A  centered  on  the  line  of 
bearing  from  the  receiver. 

The  sound-speed  profile  c(z)  is  assumed  to  be  an 
increasing,  linear  function  of  depth  measured  from  the 
under-ice  rough  surface.  It  is  independent  of  horizon¬ 
tal  position;  c(z)  -  c#  +  pz  where  p  >  0.  This  profile 
(representative  of  an  arctic  environment)  results  in 
rays  which  are  circular  arcs  and  allows  for  the  rapid 
computation  of  all  rays  of  interest  connecting  the  source 
to  the  receiver  via  the  scattering  point  P.  All  eigenrays 
from  the  source  to  P  and  from  P  to  the  receiver  are 
computed  unless  the  source  and/or  receiver  are  located  on 
the  ice  surface.  In  that  case  a  minimum  angle  must  be 
specified  (equivalent  to  specifying  a  maximum  number  of 
bounces).  For  a  source  and  receiver  below  the  surface 
there  are  two  rays  [2]  which  propagate  from  the  source  to 
P  at  range  s  with  n  surface  reflections  (not  including 
one  at  P)  and  two  rays  from  P  to  the  receiver  at  range  r 
with  m  surface  reflections.  For  the  parameters  of  Table  1 
there  is  an  average  of  10  to  20  rays  computed  from 
source  to  P  and  10  to  20  rays  from  P  to  receiver  along 
the  10°  bearing  line  resulting  in  a  total  of  1,036,181 
rays  from  source  to  P  to  receiver  from  0  to  200  km  in 
steps  of  0.1  km  increments. 


3.  A  planar  surface  with  randomly  distributed 
hemispherical  bosses.  Inverting  this  figure  we  have 
the  idealization  of  the  under-ice  roughness 
considered  in  the  Twersky  scattering  formulation 
which  is  used  in  this  model. 


A  scattering  cross  section  is  required  to  compute 
the  scattered  intensity  at  P  in  the  direction  (0*£  ,^  ) 
from  the  direction  0**  where  is  the  azimuthal  angle 
of  scattering  ( (f  -  0  for  forward  scattering;  (f  -  180 
for  backscattering).  The  cross  section  which  we  incor¬ 
porate  is  based  upon  Twersky’s  [3]  scattering  cross 

section  <T  which  assumes  that  the  rough  surface  can  be 
described  in  terms  of  hard  or  soft, hemispherical  bosses 
distributed  on  a  hard  or  soft  plane  by  means  of  a  ini- 
form  probability  law  (Fig.  3).  By  definition  a  hard 
surface  is  one  on  which  the  normal  component  of  acous¬ 
tic  velocity  is  zero  with  no  phase  change  to  the  cohe¬ 
rent  pressure  field  upon  reflection  while  a  soft  surface 
is  one  on  which  the  pressure  field  is  zero  with  a 
subsequent  phase  change  of  180  degrees  upon  reflection. 
Figure  4  shows  a  typical  under-ice  profile[4],  with 

height  equal  to  half  the  radius  (note  the  5:1  scale  of 
the  figure).  The  small  ice  ridges  have  heights  of  about 
5  m  and  occur  about  every  100  m.  While  the  keels 

beneath  the  ice  ridges  might  be  better  approximated  by 

hemicylindrical  bosses  having  elliptical  cross  sections, 
there  is  at  present  no  theory  which  can  deal  with  such 
anisotropic  scattercrs  for  energy  incident  at  oblique 
angles.  Hence,  we  have  used  hemispherical  shapes  which 
approximate  short  ridges.  Twersky’s  cross  section  was 
selected  primarily  because  the  bossed  surface  resembles 
the  discrete  character  of  the  ice,  and  because  Twersky's 
cross  section  is  unrestricted  in  frequency  (unlike  per¬ 
turbation  or  Kirchhoff  theories).  The  size  (radius  a), 
spatial  distribution  density  ^  of  the  hemispherical  bosses, 
and  the  frequency  f  of  the  acoustic  signal  are  the  para¬ 
meters  of  the  model  and  are  given  in  Table  1. 


# 


« 
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4.  A  measured,  under-ice  profile  (by  RJL  Francois 
and  W^Nodland  of  APL  Univ.  of  Wash.).  Note  the 
5:1  (range:depth)  scale  of  the  figure.  For  a  1:1 
scale  like  that  of  Fig.  3  we  would  see  that  the  ice 
ridge  heights  are  approximately  half  of  their  radii. 

DISTANCE  (METERS) 

0  100  200  300  400 

i - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 


3.  COMPUTATIONS 

This  model  currently  gives  two  types  of  results: 

o  calculations  and  plots  of  acoustic  intensity 
l(r)  at  the  receiver  from  areas  of  the  surface 
rdrdji  as  a  function  of  distance  along  a 
bearing  line  from  the  receiver  to  the  non- 
specular  scattering  event; 

o  calculations  of  total  intensity,  J  I(r)rdr, 
per  degree  of  bearing  angle  at  the  receiver 
where  the  energy  has  scattered  once  into 
this  bearing. 

For  both  of  these  computations  a  range  window  (such  as 
the  0  to  200  km  used  in  these  results)  or  a  time  window 
must  be  specified  to  account  for  the  range  or  time 
interval  over  which  the  receiver  examines  the  signal. 
See  Table  1  for  complete  parameter  values.  The  time 
window  allows  only  those  rays  which  take  a  specified 
time  from  source  to  P  to  receiver.  We  selected  the 
range  window  in  order  to  isolate  and  study  the  surface 
regions  where  the  strong  single-scattering  is  occurring. 

3.1  Hard  surface 

Consider  the  scattered  energy  incident  at  0° 
direct  path  bearing  from  a  source  100  m  below  the  hard, 
rough  surface  to  a  receiver  10  m  below  the  surface. 
The  lower  solid  curve  of  figure  5  representing  low 
frequency  results  shows  this  scattered  energy  as  a 
function  of  range  from  the  receiver  while  excluding 
all  completely  specular  paths.  We  notice  a  number  of 
features  for  this  curve. 

First,  there  is  a  strong  energy  peak  of  -125  dB 
located  over  the  source  (distance  -  100  km).  The 
source  peak  is  about  30  dB  higher  than  the  energy 
scattered  from  other  regions  along  the  bearing  wedge. 
This  peak  indicates  that  for  a  simple,  non-directional 
source  the  strongest  single-scattered  signal  occurs  over 
the  source  where  the  scatterer  is  only  100  m  from  the 
source.  This  result  is  the  consequence  of  the  high  inten¬ 
sity  nearly  vertical  rays. 

Second,  the  distant  backscattered  energy  (coming 
from  distances  greater  than  100  km)  is  stronger  than 
the  nearby  forward  scattered  energy  (from  0  to  100  km) 
by  approximately  15  dB.  This  is  an  effect  of  the 
scattering  cross  section.  In  particular,  we  note  that 
at  low  frequencies  (ka  -  0.1)  and  at  shallow  grazing 


5.  Intensity  of  energy  scattered  by  hard  surface 
into  0  bearing  at  various  frequencies  as  a  function 
of  range  from  receiver.  Note  how  all  levels  of 
forward  scattered  intensity  increase  as  a  function  of 
frequency.  However,  the  backscatter  levels  (**  >  100km) 
relative  to  the  forward-scatter  levels  are  strongly 
reduced  by  reflection  losses  as  frequency  increases. 

Note  how  at  500  Hz  all  forwardscatter  levels  are 
larger  than  the  backscatter  levels.  Both  50  and 
500  Hz  signals  peak  over  the  receiver  at  -97  dB. 


0  50  100  1  50  200 

RANGE  FROM  RECEIVER  (km) 


angles  <  15°  the  scattering  cross  section  fc  r  a  hard 
sphere  has  a  broad  maximum  in  the  backscattered 
direction  90<  ^<270*  (Fig.  6). 

Third,  we  notice  the  gradual  decay  of  the 
backscattered  energy  which  is  the  result  of  specular 
losses  accumulating  as  the  contributing  paths  require 
more  surface  interactions  and  also  of  larger  spreading 
losses  for  these  long  distance  rays.  Hence,  the  inco¬ 
ming  scattered  energy  will  decrease  beyond  some  range 
(consistent  with  intuition).  The  total  scattered  inten¬ 
sity  per  degree  for  this  bearing  and  these  ranges  (0  -  200 
km)  is  -133  dB  while  the  all  apecular  energy  level  is 
approximately  -77  dB.  Thus,  the  singlescattered  energy  in 
a  1  degree  wedge  about  0°  bearing  is  about  56  dB  down  from 
specular. 

Consider  the  mid  frequencies  as  represented  by 
50  Hz  (ka  -  1)  with  scattering  into  0"  bearing  shown 
by  the  middle  curve  in  Fig.  5.  Comparing  these 
results  to  those  at  5  Hz  (ka  =  0.1)  shown  by  the  lower 
curve  we  see  20-40  dB  higher  intensity  levels  at  the 
higher  frequency  where  the  total  levels  for  scattered 
energy  within  200  km  of  the  receiver  are  approximately 
-102  dB  versus  -129  dB.  Hence,  we  conclude  that  there 
is  significantly  more  scattering  occurring  at  each  inter¬ 
action  at  the  higher  frequency.  We  note  that  more  scatter¬ 
ing  will  result  in  less  specular  energy  and  greater  specu¬ 
lar  losses  for  the  rays.  The  total  all-specular  energy 
level  for  the  50  Hz  signal  is  -86  dB  compared  to  -83  dB  at 
5  Hz. 
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6,  A  polar  plot  of  Twersky’s  scattering  cross 
section  for  the  hard  surface  (ka  *  0.1,1,5,10)^ 
representative  of  shallow  grazing  angles  <  15  as  a 
function  of  azimuthal  angle  *f  (vertical  angles  in  0s 
and  out  9P*  of  the  rough  surface  are  1  )  and  as  a 
function  of  vertical  scattering  angle  0f*  where  ^  *  0 
and  the  vertical  angle  into  the  surface 

eiP  -  i°. 


-  HARD  - 

AZIMUTHAL  VERTICAL 


7.  Intensity  of  energy  scattered  by  soft  surface 
into  0®  bearing  at  various  frequencies  as  a 
function  of  range  from  the  receiver.  Note  how 
all  levels  of  scattering  increase  as  a  function 
of  frequency.  Note  also  the  peak  intensities 
indicated  by  arrows  with  corresponding  dB  values. 

SOFT 


Also  we  see  that  the  distant  (at  distances  greater 
than  100  km)  backs cattered  signal  is  no  longer  substan¬ 
tially  stronger  that  the  nearby  forward  scattered  signal, 
and  it  decays  more  rapidly  than  at  the  lower  frequency. 
This  is  the  result  of  strong  specular  losses  reducing  the 
strength  of  the  distant  rays.  The  scattering  cross  sec¬ 
tion  given  in  Fig.  6  for  rays  incident  at  <  15  degrees 
still  shows  backscattering  to  be  quite  strong  relative  to 
forward  scattering. 

For  the  high  frequencies  as  represented  by  500  Hz 
(ka.  -  10,  upper  dashed  curve)  we  find  that  the  forward 
scattered  energy  dominates  the  backscattered  energy 
which  in  turn  decays  very  rapidly.  This  is  consistent 
with  the  behavior  of  the  scattering  cross  section  as 
seen  in  Fig.  6  which  show  that  for  shallow  grazing 
angles  as  frequency  increases  the  scattered  energy  increa- 
tingly  concentrates  into  the  forward  direction.  Further¬ 
more,  as  frequency  increases,  the  total  level  of  scattered 
intensity  continues  to  increase  (total  intensity  from  0  to 
200  km  is  -96.5  dB  for  500  Hz,  -129  dB  for  50  Hz)  while 
specular  levels  continue  to  decrease  (total  specular  inten¬ 
sity  is  -90  dB  for  500  Hz,  -83  dB  for  50  Hz). 


3.2  Soft  Surface 

Similar  to  the  hard  surface  results,  we  again  see 
a  very  high  intensity  signal  scattered  from  the  rough 
surface  above  the  source.  Examining  Fig.  7  we  see  that 
at  5  Hz  (solid  curve)  the  peak  intensity  reaches  -146  dB 
versus  -133  dB  for  the  hard  surface  (Fig.  5).  Considering 
the  scattering  cross  section  representative  of  shallow 
grazing  angles  we  see  a  generally  weaker  scattering  cross 
section  for  the  soft  bossed  surface  (compare  the  maximum 
strength,  EMAX  *  9.23  *  10'^of  Fig.  8  with  that  of  Fig.  6 
where  RMAX  -  6.87  *  10  ).  For  forward  azimuthal 

scattering  (  m  0)  we  see  in  Fig.  8  that  the  maximum 

vertical  angle  scattering  strength  is  3.01*10  for  energy 
incident  at  1°  vertical  and  scattered  directly  downward 
versus  a  strength  of  1.1  *  10'*  for  the  same  situation 
with  the  hard  surface  as  seen  in  Fig.  6.  From  such  esti¬ 
mates  we  would  expect  differences  of  about  30  dB  in  the 

scattered  levels.  However,  peak  levels  are  the  result  of 
energy  vertically  incident  to  the  surface  with  a  range  of 
scattered  angles.  For  the  soft  surface  the  scattering 
strength  for  energy  incident  at  90  degrees  vertical 
angle  (figure  not  shown  but  behavior  has  same  character 
as  Fig.  8)  increases  from  2.7  *  10*^  scattered  into  3 
up  to  a  maximum  of  2.49  *  10‘*  scattered  directly 
downward  while  it  remains  at  1.1  *  10**  for  all 
vertical  rays  to  the  hard  surface.  Thus,  the  soft  and 
hard  surface  peak  levels  differ  by  much  less  than  30  dB, 
Le.,  by  ~  13  dB. 

Consistent  with  the  generally  weaker  soft  surface 
scattering  cross  section  at  low  frequency  we  see  that 
away  from  the  source  region  (before  and  after  100  km 
from  the  receiver  in  Fig.  7)  the  soft  surface  scattering 
levels  at  5  Hz  are  20  to  40  dB  lower  than  the  hard 
surface  levels  (Fig.  5),  i.e.,  average  -210  dB  versus 
-190  to  -170  dB.  Moreover,  the  soft  surface  does  not 
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8.  A  polar  plot  of  Twersky's  scattering  cross 
section  for  the  soft  surface  (ka  *  0.1,1,10) 
representative  of  shallow  grazing  angles  <  15  as  a 
function  of  (@sP  and  0P*  are  1°)  and  as  a 
function  of  0pft  where  =  0  and  05P  *  1°. 


-  SOFT  - 


AZIMUTHAL 
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show  predominant  backscattering  at  low  frequency.  This 
is  evident  in  both  the  cross  section  itself  where 
scattering  is  predominantly  downward  and  in  the  distant 
(beyond  100  km)  scattered  intensity  at  the  receiver 
where  the  distant  (backscattered)  energy  is  of  comparable 
intensity  to  the  nearer  (forwardscattered)  energy.  At 
increasing  distance  this  is  the  result  of  more  eigenrays 
over  a  larger  integration  area  (rdrd(*>)  competing  against 
smaller  individual  intensities  (greater  spreading  losses) 
and  smaller  scattering  strengths  (shallower  rays  to  the 
receiver). 

Increasing  signal  frequency  we  see  in  Fig.  7  leads 
to  results  which  are  similar  to  those  for  the  hard 
surface  in  Fig.  5.  That  is,  all  scattering  levels 
increase  with  frequency  while  distant  backscattered 
energy  drops  below  the  forwardscattered  levels.  Exami¬ 
ning  the  scattering  cross  sections  of  Fig.  8  we  see  that 
as  in  the  hard  surface  case  when  frequency  increases  the 
scattering  increases  and  concentrates  in  the  forward  di¬ 
rection  both  azimuthally  and  vertically.  In  addition  we 
see  in  Fig,  9  that  concurrent  specular  levels  decrease 
gradually  as  scattering  increases.  At  500  Hz  the  total 
scattering  incident  at  0°  bearing  and  within  200  km  has 
intensity  -95  dB  while  specular  intensity  is  only  10  dB 
higher  at  -85  dB. 

We  also  note  that  the  general  scattering  levels 
for  the  soft  surface  are  below  those  for  the  hard 
surface.  These  results  are  consistent  with  the  generally 
smaller  scattering  strengths  evident  in  the  soft  surface 
cross  sections. 


9.  Plot  showing  specular  energy  levels  and  total 
scattering  levels  for  energy  incident  to  receiver 
(from  (f  -  0  ,  from  0  to  200  km,  100  m  source, 
10  m  receiver)  for  hard  and  soft  surfaces.  Note 
how  scattering  levels  increase  with  frequency 
while  specular  levels  decrease  until  at  500  Hz 
they  are  comparable,  i.e.,  within  10  dB. 


4.  CONCLUSIONS  AND  RECOMMENDATIONS 

Using  rays  to  propagate  between  scattering 
points  plus  Twersky’s  scattering  cross  section  for  a  hard 
and  soft  surfaces  roughened  by  sparse,  hard  and  soft,  hemi¬ 
spherical  bosses  we  have  computed  the  directional  intensity 
resulting  from  single-scattered  energy  from  a  point  source 
located  below  the  surface  to  a  point  receiver  below  the 
surface.  We  have  included  the  effects  of  multiple  specular 
encounters  and  have  shown  that  for  ice  parameters  (boss 
height  of  5  m,  one  boss  per  10,000  ): 

1.  For  both  the  hard  and  soft  surfaces  and  at 

all  frequencies  the  strongest  contribution 
to  the  scattered  field  is  produced  directly 
above  the  source  with  peak  levels  of  -97  dB 
for  the  hard  surface,  -90  dB  for  the  soft 
surface  at  500  Hz. 

2.  At  low  frequency  the  scattered  levels  are  45 

to  60  dB  below  the  specular  levels  indicating 
that  very  little  scattering  is  occurring  and 
that  the  signal  should  be  highly  coherent  for 
both  the  hard  and  soft  surfaces. 

3.  As  the  source  frequency  increases  from  5  to 

500  Hz,  the  total  scattered  energy  levels 
(along  0°  bearing  to  a  receiver  at  10  m  and 
within  ranges  0  to  200  km)  increase  from 
-129  dB  to  -97  dB  for  the  hard  surface,  from 
-155  dB  to  -95  dB  for  the  soft  surface. 
Concurrently,  specular  interactions  suffer 
higher  losses  with  total  specular  levels 
decreasing  from  -83  dB  to  -90  dB  for  the 
hard  surface,  from  -83  dB  to  -85  dB  for  the 
soft  surface. 

4.  At  low  and  mid  frequencies  the  hard  surface 

shows  strong  backscatter  relative  to 
forwardscatter  with  levels  25  to  40  dB  above 
soft  levels. 

5.  At  high  frequency  both  hard  and  soft  surfaces 

have  similar  scattering  levels. 
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Finally,  wc  found  that  for  both  hard  and  soft 
surfaces  as  frequency  increases,  the  scattered  energy 
becomes  more  concentrated  in  the  forward  direction. 
This  indicates  that  high  frequency  multiple  scattering 
might  be  computed  by  iterating  the  approach  presented 
in  this  model  and  densely  sampling  forward  scattering 
points  near  the  source  and  receiver. 
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TABLE  1 

Model  Parameters 

0.02  m-'  (f  ~  5  Hz,  -1  =  314  m) 

k  -  0.20  m'1  (f  ^  50  Hz,  X  -  31.4  m) 

2.00  m-'  (f=  500  Hz,  X  =  3.1  m) 

a  -  5  m 

1  -  0.0001  bosses  per  m" 

c(z)  -  1.5  +  0.01  z  km/sec  (with  depth  z  in  km) 
Source-Receiver  separation  distance  =  100  km 
Incremental  distance  -  0.1  km 
Source  depth  -  0.1  km 
Receiver  depths  -  0.01  km 
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ABSTRACT 

£  A  methodology  is  presented  which  allows  one  to  cal¬ 

culate  an  ice  thickness  term  using  observed  ice 
motion  and  wind  data.  #  Since  the  wind  data  can  come 
from  atmospheric  pressure  fields  or  numerical 
models,  the  methodology  is  in  fact  a  remote¬ 
sensing  capability  which  relies  on  ice  motion  data 
from  satellite  imagery,  buoys  drifting  on  the  ice, 
etc.  The  thickness  term  is  shown  to  be  an  effec- 
♦  tive  ice  thickness  which  reflects  the  strength  of 

the  ice  as  a  result  of  the  true  ice  thickness  plus 
the  added  mass  effect  of  internal  ice  stresses. 
Examples  of  the  temporal  variations  of  the  effec¬ 
tive  ice  thickness  are  presented,  and  these  varia¬ 
tions  are  explained  in  terms  of  the  compactness  of 
the  ice  field  as  the  motion  is  toward  or  away  from 
^  the  ice  pack. 


1.  INTRODUCTION 


In  this  paper,  we  consider  a  parcel  of  pack  ice 
which  consists  of  a  number  of  individual  floes  plus 
a  variable  percent  of  open  water.  As  wind  blows 
over  the  ice  parcel,  the  energy  of  the  wind  is  dis¬ 
tributed  down  through  the  ice,  and  the  ice  moves 
according  to  the  geophysical  balances  of  forces. 
In  other  words,  f=ma,  which  implies  that  an  ice 
parcel  of  greater  thickness  (mass)  is  accelerated 
less  for  a  given  wind  stress.  However,  this  con¬ 
cept  of  the  relationship  between  wind  forcing  and 
ice  thickness  is  complicated  by  the  fact  that  the 
internal  stresses  of  pack  ice  can  be  considerable, 
and  an  ice  parcel  under  greater  compression  is  also 
accelerated  less  for  a  given  wind  stress.  In  this 
case,  the  internal  ice  stresses  make  the  ice  parcel 
appear  thicker  than  it  actually  is. 


0  Here  we  present  a  methodology  which  provides  a 

basis  for  calulating  an  effective  ice  thickness, 
which  is  the  summation  of  the  true  ice  thickness 
plus  the  added  mass  effect  of  the  internal  ice 
stresses.  In  essence,  we  take  the  wind  forcing  and 
the  observed  ice  response  and  ^orce  f  to  equal  ma. 
The  resulting  mass  parameter,  He,  is  the  effective 
^  ice  thickness,  a  vector  as  a  consequence  of  the  in- 

™  ternal  ice  stresses. 


This  methodology  is  based  upon  observed  ice  speed 
U,  corresponding  wind  stress  t,  and  the  analytical 
solutions  to  the  appropriate  equations  of  motion. 
As  such,  it  provides  the  basis  for  a  remote  sensing 
capability  for  measuring  the  strength  of  pack  ice 
in  terms  of  its  true  ice  thickness  plus  the  effect 
of  internal  ice  stresses.  Ice  motion  data  from 
buoys  drifting  on  the  ice  or  synthetic  aperature 
radar  (SAR)  can  be  used  with  wind  stress  as  deter¬ 
mined  from  atmospheric^ pressure  fields  or  numerical 
models  to  calculate  He.  Two-dimensional  contour 
maps  of  tie  can  be  generated  at  regular  time  inter¬ 
vals  to  provide  operationally-val uabl e  information 
with  respect  to  true  ice  thickness  plus  internal 
ice  stresses. 

2.  THEORETICAL  AND  TECHNICAL  CONSIDERATIONS 

The  governing  equations  for  ice  motion  can  be  ex¬ 
pressed  as 


dtf/dt+fM=(?-KRt)+T)/Hp  (1) 

where  f  is  the  Coriolis  parameter,  T  is  the  gra¬ 
dient  of  pressure  and  internal  stresses,  H^  is  the 
ice  thickness,  p  is  the  ice  density,  and  KRU  repre¬ 
sents  the  drag  between  the  ice  and  the  underlying 
water  with  K=draq  coefficient,  Rv=l- I Vx | / | Ux | ,  Ry= 
1-iVyl/lUyl  ,  and  V  is  the  speed  of  the  water.  Con¬ 
sider  the  situation  such  that,  at  some  time  t=Q, 
I =5=0 .  In  this  situation,  Lewis  et  al  .x  have  shown 
that  the  solutions  to  the  above  expression  are 


cos  f  6+ 
t-6 

t  I  sin  fs]  d<$/(Hxp) 

•t-6 


cos  f  fi¬ 
t-5 

Tx  t_6sin  fsjdfi/ (Hyp) 


where 


V(Hx>Hv)=H((1+UI  /UTxrl-(1+VUxyrl) 


(1) 
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and  Uj  and  UT  are  the  ice  velocities  induced  by  the 
pressure/stress  gradients  and  the  wind  stress, 
respectively.  Also, 

r=(rx,ry)=K(Rx/Hx,Ry/Hy)/p. 

Equations  (2)  express  the  wind-induced  ice  motion 
as  the  summation  of  inertial  oscillations  that  are 
modified  by  (a)  the  water  stress  unde^  the  ice  (r) 
and  by  (b)  the  internal  ice  stresses  (H  ).  As  pre¬ 
viously  mentioned,  the  effective  ice  thickness  H 
reduces  to  the  actual  ice  thickness  H  as  f-O  (i.e; 
the  added  mass  effect  of  T  goes  to  zero). 

In  using  our  analytical  solutions  to  determine  tfe, 
we  note  that  U  and  t  may  be  calculated  using  actual 
ice  motion  and  wind  data.  But  we  still  must  deter¬ 
mine  r,  and  this  is  done  emperically  as  outlined  in 
Figure  1.  Over  a  given  time  interval  of  n  hours, 
various  values  of  rx  andry  are  used  to  calculate 
series  of  theoretical  ice  transports  ( UjH)  using  t 
in  the  RHS  of  equations  (2)  after  multiplying  by 
He  2  •  Each  series  of  theoretical  transports  for 
each  r  are  then  correlated  with  the  correspondi ng 
observed  ice  speeds.  The  r's  of  the  series  which 
give  the  highest  correlations  between  the  observed 
speeds  and  the  theoretical  transports  are  used  as 
estimators  of  the  true  r's.  The  tle  terms  are  then 
calculated  by  determining  the  least  squares  slope 
of  UjH  versus  U  ( H=d(UjH)/dU;  see  Figure  2). 

This  method  results  in  an  average  effective  ice 
thickness  over  the  n  hour  period.  Fluctuations  in 
He  can  be  a  result  of  variations  of  1  or  H.  How¬ 
ever,  one  would  expect  that  the  true  ice  thickness 
H  would  vary  oyer  a  considerably  longer  time  scale 
than  that^  of  1.  Thus,  the  shorter  term  fluctua¬ 
tions  in  Ho  will  most  likely  be  the  result  of  vari¬ 
ations  in  I,  and  this  information  can  be  used  to 
calculate  the  variations  in  the  forces  which  result 
from  horizontal  pressure  gradients  and  internal  ice 


stresses.  Moreover,  minimum  values  of  Ti  will  tend 
to  reflect  the  actual  ice  thickness  He  since  the 
tensile  strength  of  pack  ice  is  relatively  small 
with  respect  to  its  compressive  strength3. 

3.  EFFECTIVE  ICE  THICKNESSES  IN  THE  BEAUFORT  SEA 

Wind  speed  and  ice  motion  data  from  the  manned 
camps  of  the  Arctic  Ice  Dynamics  Joint  Experiment 
(AIDJEX)  were  used  to  calculate  ~fl  .  Wind  stress 
was  calculated  following  Amorocho6  and  DeVries4. 
Six  hour  averages  of  the  observed  ice  speeds  and 

theoretical  ice  transports  were  correlated  over  15 
day  periods  by  varying  r  such  that 

t=3  hr 
t=4.5  hr 
t=6  hr 
t=9  hr. 

These  values  of  r  will  be  referred  to  as  r3,  r4  5, 
r6,  and  rg,  respectively. 

The  maximum  linear  correlations  for  16  May-21  July 
1975  at  15  day  intervals  are  shown  in  Figure  3. 

All  the  correlations  are  -0.85  or  greater.  The 

corresponding  He  are  also  shown  in  Figure  3.  Dur¬ 
ing  16-30  May  and  7-21  July,  Hy  is  significantly 

greater  than  Hu,  the  implication  uuiig  that  the  y 
component  of  I  has  a  greater  decelerating  effect 
than  the  x  component  of  I.  Thus,  the  ice  appears 
thicker  in  the  y  direction  during  the  16-30  May  and 
7-21  July  periods. 

The  linear  correlations  for  24  July-18  September 
1975  at  15  day  intervals  are  shown  in  Figure  4. 

Once  again,  the  correlations  are  ”0.85  or  greater. 
Also,  during  this  period  Hv  is  larger  than  H^. 
These  and  the  May-July  variations  of  Ftp  can  be 
associated  with  the  direction  of  movement  of  the 
ice.  During  16  May-21  July  1975,  most  of  the 
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Between  These  Quantities 
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Solve  for  He  using  the  Analytical  Solution 


Fig.  1. 


Method  for  calculating 
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motion  was  in  the  y  direction  (approximately  east/ 
west),  and  this  motion  of  the  ice  was  most  likely 
restricted  by  adjacent  ice  in  the  pack  (Figure  5). 
This  would  lead  to  a  general  increase  in  fte,  espe¬ 
cially  in  the  y  direction.  For  the  period  of  29 


July-18  September  1975,  the  motion  was  primarily 
southeastward  toward  coastal  regions  which  are 
typically  ice  free  (Figure  5).  Thus,  one  would 
expect  less  internal  ice  stresses,  and  Re  does  tend 
to  decrease  during  the  29  July-18  September  period 
(Figure  4),  especially  the  Hv  term.  By  the  end  of 
August,  ^  =  2.2  m,  in  good  agreement  with  an  average 
ice  thickness  of  2.3  m  measured  during  August  1975 
at  the  most  centrally  located  AIDJEX  manned  camp. 
This  would  imply  Ix=0. 
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Fig.  2.  The  effect  of  the  horizontal  gradients  of 
pressure  and  stress  on  the  determination  of  the 
effective  ice  thickness.  For  the  observed  ice 
speed  UD  (Ua),  the  effect  is  a  net  deceleration 
(acceleration)  which  makes  the  ice  appear  thicker 
(thinner)  than  it  actually  is. 


TIME  PERIODS,  1975 

Fig.  4.  Linear  correlations  (top)  between  ob¬ 
served  ice  speeds  and  theoretical  ice  transports, 
±90%  confidence  limits.  The  r  factor  which  gave 
the  best  correlation  and  the  number  of  data  points 
(at  6  hr  intervals)  used  to  calculate  the  correla¬ 
tion  are  also  given.  Effective  ice  thickness  com¬ 
ponents  (bottom)  were  determined  using  a  least 
squares  fit. 


TIME  PERIODS,  1975 

Fig.  3.  Linear  correlations  (top)  between  ob¬ 
served  ice  speeds  and  theoretical  ice  transports, 
±90%  confidence  limits.  The  r  factor  which  gave 
the  best  correlation  and  the  number  of  data  points 
0  (at  6  hr  intervals)  used  to  calculate  the  correla¬ 

tion  are  also  given.  Effective  ice  thickness  com¬ 
ponents  (bottom)  were  determined  using  a  least 
squares  fit. 
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Fig.  5.  Motion  of  the  AIDJEX  manned  camp  MBig 
Bear"  for  the  period  of  16  May-18  September  1975. 


157 


ACKNOWLEDGEMENTS 


This  research  was  supported  in  part  by  Gulf  Oil 
Exploration  and  Production  Company,  Frontiers  Divi¬ 
sion,  Houston,  Texas 


REFERENCES 

1.  Lewis,  J.K.,  R.D.  Crissman,  and  W.W.  Denner; 
Kinematics  and  Dynamics  of  Pack  Ice  in  the 
Beaufort  Sea.  Submitted  to  Dyn.  of  Atms.  and 
Ocns. ,  1985. 

2.  Lewis,  J.K.,  and  W.W.  Denner;  A  Theoretical 
Response  of  a  Wind-Driven  Oceanic  Surface  Layer 
and  Its  Application  to  the  Analysis  of  Lagran- 
gian  Measurements.  J.  Geophys.  Res.,  89 ( C2 ) , 
1984,  2101-2103. 

3.  Mel! or,  M.;  Mechanical  Behavior  of  Sea  Ice. 
Cold  Regions  Res.  and  Eng.  Lab.,  Monograph  83- 
1,  1983,  105  pp. 

4.  Amorocho,  J.,  and  J.J.  DeVries;  Reply  to  “Com¬ 
ment  on  a  New  Evaluation  of  the  Wind  Stress 
Coefficient  Over  Water  Surfaces."  J.  Geophys. 
Res.,  86(C5),  1981,  4308. 


CURIOUS  PLUMES  FROM  BENNETT  ISLAND 


Pierre  St.  Amand,  USNWC,  James  Clark,  USGS,  Michael  Matson,  USNOAA 


ABSTRACT 


Plumes,  hundreds  of  kilometers  long  and  tens 
of  kilometers  wide  are  often  noted  coming  from  the 
sea  in  the  vicinity  of  Bennett  Island.  These 
plumes  are  not  volcanic.  They  are  often  at  low 
altitude  and  appear  colder  on  infrared  photographs 
than  the  surrounding  air.  The  plumes  are  probably 
produced  by  release  of  a  light  gas,  most  likely 
methane.  Sighting  of  these  plumes  in  1810  and 
1886  gave  rise  to  the  rumor  of  Sannikov  Land,  an 
undiscovered  continent  in  the  Arctic  Ocean. 


INTRODUCTION 

Bruce  Webster  of  the  Anchorage,  Alaska  office 
of  the  National  Weather  Service  called  the  atten¬ 
tion  of  personnel  at  the  Geophysical  Institute  of 
the  University  of  Alaska  at  Fairbanks  to  peculiar 
airborne  plumes  that  had  been  noted  on  18  Feb¬ 
ruary  1983  on  imagery  from  the  NOAA  6  Satellite, 
Photo  1.  The  plumes,  several  hundred  kilometers 
in  length  and  several  tens  of  kilometers  in  width 
at  the  source,  came  from  the  vicinity  of  Bennett 
Island  in  the  East  Siberian  Sea,  Figure  1.  The 
temperature  of  the  plumes,  at  their  coldest,  as 
determined  by  infrared  imagery,  suggested  that 
they  started  at  an  altitude  of  either  7  or 
13  kilometers.  The  longest  plume  was  pulsed  in 
what  were  described  as  explosions.  A  preliminary 
analysis  was  published  in  EOS  by  Kienle,  Roederer 
and  Shaw,  1983. 

Such  plumes  are  of  scientific  interest  in 
view  of  the  tectonic  implications.  The  possibil¬ 
ity  of  a  volcanic  or  geothermal  origin  for  the 
plumes  in  a  region  in  which  no  vo lean ism  has  taken 
place  for  perhaps  80,000,000  years  is  exciting. 
The  implications  for  cloud  physics  in  studying  the 
growth  and  dispersion  of  such  a  plume  in  very 
cold,  atmosphere  offers  opportunities  for  valuable 
scientific  research. 

Michael  Matson  and  Bruce  Needham  began  a 
search  of  the  archives  of  NOAA  state! lite  imagery 
to  see  if  other  similar  events  had  occurred.  Ver¬ 
tical  profiles  of  atmospheric  temperature,  humid¬ 
ity,  wind  velocity  and  direction  taken  at  Zhokhova 
Island,  about  130  kms  to  the  east  were  collected 
for  the  days  on  which  emissions  were  noted  from 
the  vicinity  of  Bennett  Island.  A  search  for 


seismic  activity  was  conducted  by  Robert  Engdahl 
and  Waverly  Pearson  of  the  Denver  Office  of  the 
Geological  Survey.  None  were  found  although  they 
would  have  been  detectable. 

Prof.  Jurgen  Kienle  wrote  to  Prof.  S.  A. 
Fedotov,  describing  the  event  and  asking  if  any 
information  was  available  about  the  eruption. 
Prof.  Fedotov  replied  that  a  group  of  volcanolog¬ 
ists  had  overflown  the  island  (presumably  between 
the  end  of  April  and  the  end  of  July  1983)  but 
could  not  see  any  evidence  of  recent  volcanism.  He 
supposed  that  it  was  a  "moderate  fissure  eruption 
at  shallow  water  to  the  east  from  Bennetta  Island.'* 
A  visit  to  the  island  was  planned.  Subsequently  an 
interview  with  Yu.  Masurenkov  of  the  Institute  of 
Volcanology  of  the  Far  Eastern  Scientific  Center 
of  the  USSR  Academy  of  Sciences  was  published  in 
Izvestia,  31  May  1984.  In  August  of  1983  he  and 
his  party  went  by  sea  and  were  on  the  island  in 
September  1983.  He  regretted  that  no  evidence  for 
a  recent  eruption  could  be  found  and  commented  that 
between  February  and  September  that  "arctic  bliz¬ 
zards  could  very  well  have  covered  over  the  effects 
of  the  eruption.”  He  reported  finding  evidence 
that  the  mountain  rocks  on  the  island  have  been 
geothermally  altered.  He  reported  that  an  under¬ 
water  cone  with  a  diameter  of  4  kilometers  and  a 
height  of  10  to  15  kilometers  was  found.  He  did 
not  say  just  where,  but  he  did  say  that,  as  com¬ 
pared  with  the  "old  map"  of  the  bottom  that  the 
underwater  cone  had  grown  considerably  during  the 
past  years.  A  noticeable  excrescense  had  appeared 
on  it  that  reminded  him  of  a  huge  lava  field.  He 
noted  that  samples  from  the  bottom  of  the  East 
Siberian  Sea  turned  out  to  be  similar  to  that  which 
falls  out  of  contemporary  thermal  waters;  the  loca¬ 
tion  of  the  sample  was  not  given.  He  mentioned 
that  the  "mysterious  trail"  was  noted  again  in 
November  1983  and  in  March  and  April  1984.  No 
published  record  of  a  bathymetric  map  except  for 
some  soundings  by  de  Long  in  1881  have  reached  our 
attention . 

This  preliminary  report  summarizes  this  and 
other  information  and  speculates  as  to  the  cause  of 
the  plumes. 

OBSERVATIONS  OF  THE  PLUMES  BY 
SATELLITE  IMAGERY 

As  of  May  1985,  the  staff  at  NOAA/NESDJS  has 
compiled  a  list  of  104  images  that  contain  plumes 
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Figure 


1-A 


Sketch  map  of  Bennett  Island,  compiled  from  papers  by  vonToll 
1902,  Kartushin  1956,  Voinov  and  Sorokov  1970  and  Uspenkiy  1959. 


Figure  1-d 


Location  map  showing  Bennett  Island,  Zhokhova  Island,  part  of 
the  New  Siberian  Islands  and  the  rumored  location  of  Sannikov 


Land  (Vittenberg,  I960. 
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from  Bennett  Island.  We  will  not  try  to  reproduce 
this  mass  of  information  here.  The  plumes  are  not 
a  rare  occurrence  and  this  list  is  by  no  means 
complete.  They  have  been  noted  mainly  in  the 
winter  months  with  a  pronounced  peak  in  November 
and  December.  None  were  observed  between  the  end 
of  June  and  the  first  of  September.  The  number 
peaked  sharply  in  November  and  December  with  a 
gradual  decrease  through  the  months  of  springtime. 
The  diurnal  variation  is  also  marked,  the  events 
were  rarely  noted  between  1600  and  0200  local  time 
but  the  number  of  sightings  increased  rapidly  to  a 
maximum  at  1500  local  time  from  which  it  dropped 
abruptly  to  almost  nothing  in  the  late  afternoon. 
Although  these  results  are  suggestive,  it  wTould 
not  be  well  to  place  much  faith  in  the  reality 
of  the  diurnal  and  annual  variations  noted  ^here 
because  of  the  way  in  which  the  archives  were 
searched  and  the  time  of  day  at  which  a  satellite 
could  be  over  the  island  Most  of  the  searching 
was  done  in  connection  with  studies  of  sea  ice 
and  was  therefore  concentrated  in  the  winter 
months,  although  some  searching  was  done  during 
the  summer  months.  In  summer,  the  weather  is 
often  overcast  and  the  chances  of  the  island  being 
obscured  by  clouds  is  much  greater  than  in  winter. 

If  the  plumes  were  composed  of  water,  or  of 
ice,  they  would  be  more  apt  to  propagate  in  the 
wintertime  than  in  the  summer  because  it  is  colder 
then.  It  is  dark  there  a  large  part  of  the  time 
in  the  winter  and  thus  the  main  bulk  of  the  obser¬ 
vations  are  in  the  infrared. 

Another  observation  is  that  the  plumes  are 
most  often  noted  when  the  wind  is  blowing  at  right 
angles  to  the  long  axis  of  the  island,  either  from 
the  ESE  or  the  WNW.  This  may  however  be  more 
indicative  of  the  direction  of  the  prevailing 
winds  at  the  time  the  observations  were  made  than 
of  any  mechanism  for  generation  of  the  plumes. 


COMPOSITION  OF  THE  PLUMES 


None  of  the  satellite  imagery  showed  any 
dirt  or  discoloration  on  the  ice  following  the 
discovery  of  the  plume  of  18  February  1983,  nor 
for  that  matter  on  any  of  the  other  occasions. 
The  Russian  expeditions  both  by  air  and  by  sea  did 
not  notice  any  evidence  of  volcanic  ash  upon  the 
island  or  the  ice.  On  the  other  hand,  Landsat 
photos  from  16  March  1973  and  29  April  1984  show 
plumes  present  over  the  island  with  what  appears 
to  be  fresh  snow  on  the  darker  ice  beneath  a  por¬ 
tion  of  the  plume  and  a  little  to  one  side  of  it 
as  well. 

Fogs  abound  on  Bennett  Island,  as  reported 
by  the  explorers  who  have  visited  the  place. 
LT  CDR  de  Long  camped  on  the  ice  foot  at  Cape  Emma 
(see  Figure  1)  for  a  week  in  the  fall  of  1883.  He 
was  only  able  to  take  one  solar  observation  for 
position  in  all  that  time.  Baron  Eduard  von  Toll 
was  on  the  island  in  1902  but  in  the  time  there  he 
was  not  able  to  complete  a  map  of  the  outline 
(Vi Itenburg,  I960),  Kartushin  (1968)  was  on  the 
island  from  May  to  October  1956  and  although  he 


did  not  take  much  notice  of  the  fogs  per  se,  he  did 
make  some  comments  about  the  growth  of  glaciation 
on  the  hills.  He  claims  that  the  fogs  which  often 
occur  at  the  summits  of  the  glacial  domes  preserve 
the  firn  and  cover  it  with  new  snow.  Much  new 
snow,  or  rather  neve  resulted  from  the  deposition 
of  hoar  frost,  most  notably  in  the  summer.  On 
16  June  1956  he  noted  that  while  pausing  to  rest 
on  the  larger  glacier  that  rossettes  of  hoar  frost 
crystals  were  growing  upwind  at  the  rate  of  several 
millimeters  a  minute.  It  seems  that  nearly  a  meter 
of  "snow"  accumulated  on  the  summit  during  a  period 
in  which  there  were  no  snow  storms,  and  indeed,  the 
lower  reaches  of  the  glaciers  were  melting  rapidly. 

This  visible  portions  of  the  plumes  are  almost 
certainly  of  water,  be  it  liquid  or  solid. 

TEMPERATURE  OF  THE  PLUMES 

The  infrared  pictures  of  the  plumes  indicate 
that  the  plumes  are  very  cold.  The  temperature  of 
the  plume  of  18  February  1983  was  estimated  to  be 
-45°C.  The  plumes  usually  appear  to  be  colder  than 
the  surrounding  clouds,  and  much  colder  than  the 
sea  or  the  sea  ice. 

ALTITUDE  OF  THE  PLUMES 

The  observations  of  the  temperature  as  deduced 
from  the  infrared  leads  to  the  conclusion  that  they 
are  quite  high  in  the  atmosphere;  altitudes  of  7  to 
13  kms  were  estimated  for  the  plume  of  18  Febru¬ 
ary  1983.  A  number  of  other  observations  however 
are  at  variance  with  this  idea,  making  it  seem  that 
the  plumes  are  much  lower  than  that. 

On  many  occasions,  the  direction  of  the  plumes 
coincide  closely  with  that  of  the  darker  grey 
streaks  of  arctic  sea  smoke.  A  comparison  of  the 
wind  directions,  as  observed  on  Zhokhova  Island, 
130  kms  to  the  southeast  shows  that  most  of  the 
plumes  in  the  winter  time  have  almost  the  same 
direction  as  the  winds  below  500  feet.  On  some 
occasions,  the  plume;  rises  and  can  be  seen  to  mix 
with  higher  clouds.  On  10  September  1983,  a  plume 
seen  in  the  infrared  appears  much  colder  than  the 
surrounding  clouds.  One  would  assume  that  it  lay 
above  them.  In  the  visual  photograph  taken  at  the 
same  time,  the  plume  is  less  dense  than  the  over¬ 
lying  clouds  and  can  clearly  be  seen  to  be  overlain 
by  them  because  the  structure  of  those  clouds  con¬ 
tinue  right  across  the  plume.  After  about  100  kms 
the  plumes  merge  and  the  upper  cloud  becomes  much 
whiter,  indicating  that  it  has  changed  from  super¬ 
cooled  water  to  ice. 

The  plume  of  18  February  1983,  0614Z,  shows 
no  wind  shear  with  distance,  the  coldest  appear¬ 
ing  part  of  the  cloud  being  right  over  the  source. 
However  an  isothermal  region  existed  between 
9,000  and  16,000  feet  with  a  wind  shear  at  about 
10,000  feet.  The  photograph  taken  at  0047Z  shows 
a  double  plume  which  has  the  direction  of  the  winds 
at  or  below  2750  feet  for  107  kms,  after  which  it 
shifted  to  the  direction  of  the  higher  winds.  This 
indicates  a  rise  rate  of  about  90  feet  per  minute 
for  the  plume. 
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AREA 


Photo  1-A.  NOAA  Infra-red  image  of  plume 
of  0616Z  18  Feb  19§3 . Courtesy 
Geoph.  Inst ♦  U.  of  Alaska. 


Photo  1-B  Same  plume  showing  location  9 

and  scale  of  the  affair. 

Geoph.  Inst.  U.  of  Alaska. 


Photo  3.  Landsat  of  plume  of  29  April 
1984.  Wind  from  north,  dote 
new  snow  on  ice  to  west  of 
island. 


Photo  2.  Landsat  of  plume  of  16  March 
1973.  dote  new  snow  on  ice  to 
northwest  of  island.  Wind  and 
sun  from  due  south. 


162 


Several  of  the  visual  photographs  from  the 
meteorological  satellites  show  shadows  from  which 
the  height  of  the  plumes  can  be  determined,  albeit 
with  no  great  precision.  The  heights  derived  from 
these  photographs  are  all  10,000  feet  or  below. 

The  two  Landsat  photographs  mentioned  earlier 
give  much  more  information  about  the  heights  of 
the  plumes.  The  photographs  for  16  March  1973 
shows  clouds  lying  upwind  of  the  island  at  heights 
of  9,800  feet,  in  one  case  the  shadow  of  one  of 
these  clouds  touches  the  ice  and  another  cloud, 
right  at  sea  level,  Photo  2.  The  second  of  these 
clouds  rises  to  about  10,000  feet  in  a  short  dis¬ 
tance.  The  altitudes  of  the  rest  of  the  clouds 
downwind  of  the  island  are  about  the  same.  The 
material,  whatever  it  is,  is  coming  out  of  the  sea 
from  beneath  the  leads  in  the  ice  and  from  open 
water  upwind  of  the  island. 

The  photograph  of  29  April  1984  shows  the 
entire  northern  shore  of  the  island  shrouded  with 
cloud  arising  directly  from  the  sea  and  being 
driven  over  the  island  in  a  vertically  oscillating 
wave  cloud,  Photo  3.  The  material  is  arising  from 
along  the  shore  in  a  curtain  of  rising  jets.  The 
cloud  nearest  the  origin  reach  altitudes  of  5,000 
to  6,000  feet,  the  cloud  then  descends  but  rapidly 
rises  again  to  12,000  feet  or  so  and  goes  down  and 
back  up  to  about  18,000  feet  a  few  tens  of  kilom¬ 
eters  downwind  of  the  island. 

A  thin  broken  layer  of  stratus  clouds  covers 
the  sea  to  the  north  of  the  island  for  at  least 
the  width  of  the  picture.  For  50  or  more  kilom¬ 
eters  upwind  of  the  island,  however,  the  air  is 
virtually  cloud  free  as  if  a  gigantic  downdraft 
had  caused  the  clouds  to  evaporate.  The  clouds 
are  at  an  altitude  of  4000  feet.  Indeed,  one  can 
see  streaks  of  the  remnants  of  these  clouds  as 
they  are  drawn  downward  and  into  the  plume  over 
Bennett  Island.  Lines  of  small  cumulus  have 
formed  at  places,  over  leads  in  the  ice.  Near 
Bennett  Island,  some  of  the  clouds  on  the  upwind 
side  are  very  near  sea  level,  while  clouds  in  the 
same  line  farther  downwind  seem  to  have  risen  to 
about  2000  feet.  The  critical  data  for  these  two 
days  is  not  yet  available  but  when  it  is  it  will 
be  possible  to  calculate  the  rise  rate  and  perhaps 
the  density  of  the  gases  in  the  plume. 

The  apparent  discrepancy  between  the  temper¬ 
ature  of  the  plumes  as  seen  on  the  infrared  photo¬ 
graphs  and  the  height  as  observed  by  measurement 
of  shadows  and  by  comparison  with  the  tracks  of 
the  arctic  sea  smoke  and  with  the  lower  level 
winds  as  measured  at  Zhokhova  Island  must  be 
resolved.  Either  the  plumes  are  colder  than  the 
surrounding  air,  or  the  measurement  of  the  tem¬ 
perature  of  thin  cirrus  clouds  by  infrared  tech¬ 
niques  is  in  doubt,  or  perhaps  a  little  of  both. 

While  approaching  the  island  in  1881, 
LT  CDR  de  Long  noted  that  the  fog  was  quite  cold, 
as  compared  with  ambient  outside  the  fogs.  He 
cites  a  case  where  the  air  temperature  in  the  fog 
was  at  27°F  while  all  around  the  ice  was  meLt- 
ing  and  the  air  temperature  well  above  freezing 


(de  Long,  1883).  Kartushin  did  not  discuss  this 
point . 


Marshunova,  in  several  references,  points  out 
that  the  emissivity  of  ice  is  a  function  of  tem¬ 
perature.  This  matter  has  also  been  addressed  by 
the  Air  Force  Cambridge  Labs  (Kern,  1983).  It 
appears  that  at  -4°C  and  warmer  that  the  emissiv¬ 
ity  of  ice  is  1.00  but  that  it  gradually  decreases 
to  0.85  at  -24°C.  Good  physical  reason  exists  to 
explain  why  small  ice  particles  of  the  range  1  to 
10  microns  might  have  emissivity  differing  from 
that  of  bulk  ice  because  of  edge  effects. 

It  is  thus  possible,  that  the  plumes  are  not 
only  colder  near  the  ground  than  is  the  surround¬ 
ing  air  when  the  plume  is  first  emitted,  but  that 
the  temperatures  as  determined  by  infrared  obser¬ 
vation  may  appear  to  be  too  low  when  the  ambient 
air  is  quite  cold. 

SITUATION  OF  BENNETT  ISLAND 

Bennett  Island,  (})  7  6  °  3  8 ,  A148°21;  rises  out 
of  shallow  water  in  the  East  Siberian  Sea. 
LT  CDR  de  Long  made  several  soundings  while 
approaching  the  island  over  the  ice.  The  water  is 
only  20  fathoms  deep  for  several  tens  of  miles 
from  the  shore. 

Geologic  observations  have  been  made  for 
that  portion  of  the  island  not  covered  by  ice,  by 
Dr.  J.  Ambler,  USN,  by  Baron  Eduard  von  Toll,  by 
members  of  Kartushin 's  party  and  by  Voinov  and 
Sorokov  (1961).  The  latter  have  published  a  good 
enough  description  to  prepare  the  geologic  comments 
on  Figure  1.  Briefly  summarized,  the  island  is 
covered  for  the  most  part  by  glacial  domes,  some 
of  the  glaciers  reaching  to  sea  level.  The  gla¬ 
cial  ice  rests  for  the  most  part  upon  Cretaceous 
basalts.  The  basalts  lie  unconf ormably  upon  Creta¬ 
ceous  argillites  and  lignitic  coal.  These  rest 
unconformably  upon  siltstones,  argillites  and  sand¬ 
stones  of  paleozoic  age. 

No  evidence  exists  for  holocene  or  tertiary 
volcanism  anywhere  near  the  island.  No  earthquakes 
occur  within  several  hundreds  of  kilometers.  The 
area  may  be  rising  slowly  from  the  sea,  as  evi¬ 
denced  by  some  terraces  and  upraised  beaches,  but 
otherwise  appears  to  be  tectonically  inactive  at 
present . 

DID  THE  PLUMES  JUST  BEGIN,  OR  HAVE 
THEY  BEEN  THERE  AWHILE? 

Our  earliest  satellite  photographs  of  the 
plumes  are  in  1973.  It  is  likely  that  they  were 
also  present  during  1956  when  Kartushin  was  on  the 
island.  Uspensky  (1959)  shows  a  photograph  of  the 
beach  with  a  cloud  rising  out  of  the  sea  in  Lhe 
middle  distance  and  draping  over  a  hill.  Baron 
von  Toll  encountered  fogs  the  whole  time  he  was  on 
the  island. 

Earlier  still,  while  on  the  New  Siberian 
Islands  in  1886,  von  Toll  thought  he  saw  a  con¬ 
tinent  to  the  north,  with  snow  covered  mountains 
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visible  in  the  distance  (Vittenberg,  1960).  The 
view  was  somewhat  ephemeral,  but  Toll  for  a  while 
became  convinced  that  he  had  seen  Sannikov's 
Land--he  later  concluded  that  it  maybe  did  not 
exist.  In  1810  Jacob  Sannikov,  also  from  the 
New  Siberian  Islands  saw  what  he  thought  was  a 
continent  to  the  north  (Uspenskiy  1959A,  1959B, 
Obruchev  1935,  1946).  The  direction  in  which  he 
saw  this  was  not  exactly  towards  Bennett  Island 
but  a  little  to  the  west  thereof.  It  is  likely 
that  both  men  saw  the  plumes  from  Bennett  Island. 

More  recently,  1881,  during  his  heroic  but 
tragic  trek  from  the  spot  where  his  ship  was  lost, 
to  Bennett  Island,  LT  CDR  de  Long  and  some  of  his 
crew  saw,  from  time  to  time,  a  large  land  mass  and 
they  diverted  their  march  to  arrive  at  it.  While 
it  is  hard  to  tell  exactly  where  they  were  dur¬ 
ing  this  phase  of  the  march,  they  were  at  least 
130  kms  away  from  Bennett  Island  when  they  first 
decided  to  go  for  it  (de  Long,  1883).  The  highest 
point  on  the  island  is  on  the  southwest  end  and  is 
only  246  ms  high.  Even  allowing  generously  for 
refraction,  it  does  not  seem  possible  that  they 
could  have  spotted  the  island  from  that  distance. 
Nor  would  one  expect  any  special  miraging  or  other 
phenomena  that  would  have  raised  the  image  of  the 
island  far  enough  to  have  made  it  visible  because 
at  that  time  of  year,  the  atmosphere  and  the  ice 
would  be  at  about  the  same  temperature.  The  con¬ 
stantly  changing  images  that  the  explorers  saw  was 
probably  a  plume  raised  over  the  island.  To  one 
not  used  to  the  arctic  it  might  seem  as  if  such  a 
thing  were  unlikely,  but  towering  cumulus  are  very 
rare  in  those  climes  and  ones  imagination  will  do 
anything  to  present  him  with  some  relief  from  the 
monotony  of  the  landscape. 

It  therefore  seems  that  the  phenomenon  has 
been  going  on  for  at  least  a  175  years.  It  is 
also  probable  that  it  gave  rise  to  the  rumors  of 
Sannikov  Land  and  thus  greatly  encouraged  explor¬ 
ation  in  an  effort  to  find  a  hypothetical  con¬ 
tinent  that  many  geographers  at  the  time  thought 
reached  all  the  way  across  the  pole.  Had 
de  Long's  party  not  detoured  to  the  island,  they 
might  have  reached  shelter  and  safety  in  the  Lena 
Delta  without  the  loss  of  life  that  they  endured. 
Baron  von  Toll  went  to  Bennett  Island  to  make 
preparations  for  a  further  trip  north  to  seek 
Sannikovs  Land  and  he  too  perished. 

WHAT  CAUSES  THE  PLUMES 

Without  some  more  concrete  source  of  infor¬ 
mation  and  without  visiting  the  island  and  per¬ 
haps  using  aircraft  surveillance,  or  some  form 
of  more  detailed  remote  sensing  as  well,  we  are 
not  likely  to  discover  the  cause  of  this  phenome¬ 
non.  We  will  for  the  moment  have  recourse  to  the 
method  of  multiple  hypotheses-- the  last  resort  of 
those  who  have  information. 

To  this  end,  we  can  dismiss,  out  of  hand, 
hypotheses  invoking  voJcauism,  radioactivity  or 
human  intervention  as  sources  for  these  plumes. 
Other  explanations  might  include  orographic 
effects--but  then  one  would  expect  such  plumes 
from  every  large  land  mass  in  the  arctic.  Nearby 


polynia  may  be  dismissed  becaue  they  are  rarely 
present  during  the  events.  Warm  surface  water 
seems  unlikely  because  of  the  presence  of  ice  over 
the  areas  from  which  the  plumes  come;  submarine 
and  terrestrial  hotsprings  would  surely  have  been 
noted,  thus  they  may  also  be  dismissed.  Orography 
obviously  plays  some  role  in  the  development  of  the 
wave-like  motion  often  noted  in  the  plumes. 

It  has  been  proposed  by  Prof.  Clark  that  the 
plumes  are  initiated  by  the  release  of  methane  gas 
from  beneath  the  sea.  The  methane  would  be  derived 
from  the  coal  beds  that  are  very  extensive  under 
all  of  the  Siberian  Platform.  Indeed,  the  world's 
largest  natural  gas  fields  occur  in  this  general 
area.  A  layer  or  layers  of  permafrost  underlies 
most  of  the  East  Siberian  Sea  because  during  the 
Pleistocene  this  whole  area  was  uncovered  for  the 
better  part  of  almost  3  million  years,  the  sea 
having  withdrawn  to  the  edge  of  the  continental 
shelf  by  removal  of  water  to  form  the  ice  caps 
(Grosswald ,  1980,  1983,  Vetichko  et  al.  1984). 
This  layer  of  permafrost  could  easily  form  a  cap- 
rock  that  would  retain,  at  depth,  the  methane 
produced  by  decomposition  of  the  lignite.  At  suf¬ 
ficient  depth,  the  methane  would  react  with  the 
water  present  in  the  formations  and  with  the  per¬ 
mafrost  to  form  a  methane  hydrate  which  would  fur¬ 
ther  seal  the  formation,  thus  allowing  methane  to 
accumulate  in  large  quantities  and  high  pressures 
at  depth. 

With  the  return  of  the  sea  to  the  area,  the 
ocean  water  protects  the  land  from  the  extreme  cold 
of  the  arctic  winter  and  heat  derived  from  the  sea 
and  from  the  interior  of  the  earth  would  eventually 
begin  to  melt  the  permafrost.  Once  melted,  the 
methane  hydrate  would  no  longer  be  in  its  stabil¬ 
ity  field  and  would  break  down  releasing  the  meth¬ 
ane  as  a  gas  which  would  eventually  escape  through 
the  overlying  formations  and  reach  the  surface. 
A  very  similar  process  is  now  taking  place  on  land 
in  the  Copper  River  Basin  of  Alaska  where  mud  vol¬ 
canoes,  several  hundred  feet  high,  that  emit  salt 
water  and  methane  gases  are  now  developing.  Meth¬ 
ane  seeps,  large  enough  to  be  detected  by  geophys¬ 
ical  seismic  sounding  techniques,  have  been 
observed  in  the  Navarine  Basin  (Carlson  and  Malow, 
1984). 

The  release  of  the  methane  could  cause  cooling 
because  of  adiabatic  expansion  of  the  gas,  which 
would  eventually  cause  some  of  the  hydrate  to 
reform  or  the  water  to  freeze,  giving  rise  to  the 
episodic  character  of  the  plumes. 

The  gas  would  be  expected  to  come  out  of  the 
ocean  a  little  bit  cool  because  of  the  expansion. 
Once  in  the  atmosphere,  the  methane  would  rise 
rapidly  because  it  has  a  density  of  only  0.55  that 
of  air.  The  methane  would  be  relatively  pure  with 
pprhaps  20  or  so  percent  of  nitrogen  mixed  with  it. 
The  rising  column  would  entrain  air  which  in  that 
part  of  the  world  is  usually  near  saturation  with 
respect  to  water  and  often  saturated  with  respect 
to  ice.  Thus  any  ice  particle  that  formed  would 
grow  from  the  deposition  of  atmospheric  water 
vapor;  this  would  give  rise  to  the  long  lived 
p  1  nine  s  . 


The  Landsat  image  of  1973  shows  clearly  that 
a  mass  of  gas  is  rising  right  over  the  island 
without  much  condensation  or  freezing  of  water 
within  it.  A  zone  around  the  rising  column  is 
however  marked  by  what  appears  to  be  frozen  water 
particles . 

Several  of  the  satellite  images  show  that  the 
plumes  rise  through  or  into  an  overcast  and  after 
a  few  tens  of  kilometers  cause  the  overcast  to 
disappear.  This  is  not  unexpected  if  the  over¬ 
case  consists  of  supercooled  water  because  the 
ice  particles  from  the  plume  would  then  seed  the 
supercooled  stratus  and  cause  it  to  precipita te-- 
a  technique  commonly  used  to  clear  fog  in  the 
arctic . 

It  is  true  that  the  coal  beds  on  Bennett 
Island  are  only  a  few  tens  of  meters  thick  and 
this  mitigates  against  the  hypothesis.  On  the 
other  hand,  the  island  is  at  the  crest  of  what  is 
called  the  de  Long  Arch,  giving  gas  an  opportunity 
to  migrate  updip  to  any  fractures  that  may  have 
formed  at  the  crest  of  the  gigantic  dome. 

CONCLUSIONS 

With  what  little  we  now  know  about  the  situ¬ 
ation  it  is  fairly  clear  that  the  plumes  are  of 
liquid  water  or  of  ice,  depending  upon  the  air 
temperature.  The  plumes  emerge  from  the  ocean 
somewhat  colder  than  the  rest  of  the  air  at  the 
surface.  The  plumes  rise  rapidly,  much  more  so 
than  if  they  were  simply  convective.  The  best 
hyposthesis  for  the  moment,  one  that  is  not  at 
variance  with  the  physical  facts,  is  that  the 
plumes  are  caused  by  release  of  a  light  gas  from 
the  ocean  around  the  island  for  a  distance  of 
tens  of  kilometers.  The  gas  is  most  likely 
methane . 

The  matter  will  not  be  resolved  without 
further  field  work  and  the  application  of  remote 
sensing.  Because  the  island  is  now  held  by 
Russia,  even  though  it  was  discovered  and  claimed 
by  the  United  States  Navy  in  1881,  some  sort  of  a 
joint  research  project  will  have  to  be  devised, 
and  really  should  be,  if  we  are  to  learn  more 
about  this  interesting  situation.  The  opportunit¬ 
ies  for  large  scale  outdoor  research  into  cloud 
physics  and  meteorological  processes  is  too  good 
to  ignore.  Let  us  hope  that  some  scientific 
cooperation  in  this  interesting  matter  can  result. 
Some  economic  advantages  might  some  day  ensue  con¬ 
sidering  that  there  must  be  an  awful  lot  of  what¬ 
ever  is  coming  out  of  the  ocean. 
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ABSTRACT 

A  pair  of  coils  acting  as  transmitter  and  receiver  of  a  harmonic  elec¬ 
tromagnetic  (EM)  wave  acts  as  an  excellent  high-resolution  altimeter 
at  low  altitudes  over  ocean  regions.  Due  to  high  seawater  conduc¬ 
tivity,  the  altimetric  determination  from  a  received  signal  is  com¬ 
putationally  simple.  The  method  can  be  applied  to  determining  the 
sea-ice  thickness:  since  ice  is  transparent  to  EM  waves  up  to  several 
tens  of  kilohertz,  determining  sea-ice  thickness  is  reduced  to  an  EM 
altimetry  problem  involving  the  distance  up  to  the  ice-seawater  bound¬ 
ary.  Since  the  distance  to  the  air-ice  boundary  can  be  easily  measured 
by  a  radar  (or  laser)  altimeter,  the  difference  between  the  EM  and 
the  radar  altitudes  constitutes  the  ice  thickness. 


INTRODUCTION 

The  Naval  Ocean  Research  and  Development  Activity  (NORDA) 
has  been  investigating  a  possible  application  of  the  airborne  elec¬ 
tromagnetic  (AEM)  method  to  the  bathymetric  charting  in  the  shallow 
ocean.  The  first  test  survey  was  conducted  in  the  Cape  Cod  Bay  dur¬ 
ing  a  3-day  period  in  June  1984.  The  AEM  system  used  was  a  com¬ 
mercially  available  Dighem  III  (described  in  detail  by  Fraser,  1978, 
1979,  and  1981).  The  system  was  equipped  with  two  horizontal 
coplanar  coil  pairs  operating  at  385  Hz  and  7200  Hz,  both  having 
an  8-m  coil  separation.  A  Sikorsky  S58T  twin-engine  helicopter  towed 
the  sensor  platform  or,  simply,  bird,  which  maintained  an  altitude 
ranging  from  40  m  to  50  m  above  the  sea  level.  Bathymetric  results 
derived  from  this  experimental  survey  data  showed  excellent  agree¬ 
ment  with  ground  truth  data.  The  results  have  been  reported  by  Won 
and  Smits  (1985). 

Bathymetric  determination  by  an  AEM  method  requires  a  very  ac¬ 
curate  (hopefully  better  than  a  1  %  resolution)  altitude  information 
for  the  sensor  coils.  For  the  Cape  Cod  Bay  experiment,  we  employed 
a  radar  altimeter  (Sperry  Model  220)  that  had  a  manufacturer-specified 
accuracy  of  5%.  At  our  survey  altitude  of  40-50  m,  the  possible 
altitude  error  amounts  to  more  than  2  m.  It  became  evident,  therefore, 
that  the  radar  altitude  cannot  be  trusted  for  the  bathymetric  inter¬ 
pretation.  Instead,  a  new  algorithm  has  been  developed  to  utilize  the 
7200-Hz  response  data  to  derive  the  electromagnetic  altitude.  The 
computed  altitudes  thus  derived  show'  fairly  random  zero-biased  dif¬ 
ferences  with  respect  to  the  radar  altitudes. 

This  method  should  be  applicable  to  determining  the  sea-ice  thickness. 
Since  ice  is  transparent  to  EM  waves  up  to  several  tens  of  kilohertz, 
determining  sea-ice  thickness  is  reduced  to  an  EM  altimetry  problem 


involving  the  distance  up  to  the  ice-seawater  boundary.  If  the  distance 
to  the  air-ice  boundary  can  be  measured  by  a  radar  (or  laser)  altimeter, 
the  difference  between  the  EM  and  the  radar  altitudes  represents  the 
ice  thickness. 


MATHEMATICAL  CONSIDERATIONS 

Fundamental  equations  for  the  magnetic  field  generated  by  a  vertical 
magnetic  dipole  located  at  or  above  the  surface  of  a  layered  earth 
are  given  by  Kozulin  (1963)  and  Frischkneckt  (1967).  The  mutual 
coupling  ratio  for  a  horizontal  coil  configuration  used  for  the  pres¬ 
ent  system  is  defined  as  the  ratio  of  the  total  magnetic  field  (Ht)  to 
the  primary  field  ( HP ).  The  primary  field,  however,  is  usually  bucked 
out  during  measurements,  and  only  the  ratio  Q  of  the  secondary 
field  to  the  primary  field  is  measured  (customarily  in  a  part  per  million 
(ppm)  unit): 

oo 

Q  =  HJHP:  -  1  =  -a>  j  \2  R  (\)  J0  fa)  d\  (1) 
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The  kernel  function  R  corresponding  to  a  uniform  half-space  whose 
geometry  is  shown  in  Figure  1  can  be  expressed  as 

R(\)  =  X  -  {  X*  +  i2waf  e.2U  (2) 

X  +  /  X2  -i-  i2irfiaf 

where 

/  :  transmitter  frequency  (Hz), 

h  :  sensor  altitude, 

a  :  coil  separation, 

a  :  water  conductivity, 

fi  :  magnetic  susceptibility  of  free  space, 

X  :  integration  variable,  and 

J0:  the  zeroth  order  Bessel  function. 

The  integral  in  Equation  (1)  can  be  efficiently  evaluated  by  the  linear 
digital  filter  method  (Koefoed  et  al.,  1972).  We  used  the  filter  coeffF 
dents  published  by  Anderson  (1979)  for  the  Hankel  transform  in¬ 
tegral.  The  ice  conductivity  is  assumed  to  be  negligible. 

Figure  2  shows  the  computed  inphase  (real  part  of  Q)  and  quadrature 
(imaginary  part  of  Q)  responses  in  ppm  for  sensor  altitudes  of  30 
m.  45  m.  60  m,  75  m.  and  90  m  for  a  4-mho/m  seawater  conductivity 
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Figure  1.  The  mathematical  ocean  model  for  EM  altimetry. 

and  a  8-m  coil  separation.  The  response  is  approximately  propor¬ 
tional  to  the  cube  of  the  coil  separation.  We  note  that,  for  a  given 
altitude,  the  inphase  response  is  dominant  over  the  quadrature 
response.  Also,  the  total  response  decreases  rapidly  with  an  increas¬ 
ing  sensor  altitude. 

The  response  gradient  at  an  altitude,  say  45  m,  is  about  -  76  ppm/m 
at  10  kHz.  Since  the  measurement  error  of  most  commercial  air¬ 
borne  EM  systems  is  generally  claimed  to  be  less  than  1  ppm,  we 
can  achieve,  at  least  theoretically,  an  altimeter  accuracy  better  than 
1.3  cm  at  the  45-m  altitude.  This  corresponds  to  a  0.03%  altimeter 
resolution.  Due  to  the  decreasing  response  with  increasing  altitude, 
the  resolution  is  degraded  at  high  altitudes.  This  limits  the  usable 
range  of  the  EM  altimeter  up  to  several  hundred  meters. 

For  the  case  when  the  sensor  platform  is  not  horizontal,  an  expres¬ 
sion  for  a  tilted  platform  (Fig.  1)  has  been  derived  by  Son  (1985) 
and  is  shown  to  be 
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Q  ~  -a2  j  [Atf  }0  (\a)  -  sind  tand  ]l  (%zj]  R  (k)  e~2^  dk.  (3) 
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Equation  (3)  is  used  to  compute  the  response  error  (Fig.  3)  due  to 
the  tilt  angle  ranging  from  0°  to  30°.  The  ocean  response  at  6  - 
0°  for  each  altitude  has  been  subtracted  so  that  this  graph  shows 
only  the  response  difference  due  to  the  tilt.  If  we  assume  a  1-ppm 
measurement  accuracy,  the  tilt  effect  is  essentially  negligible  when 
the  altitude  exceeds  60  m.  Even  for  a  30-m  altitude,  the  sensor  may 
tilt  up  to  5°  within  the  measurement  accuracy. 

If  the  tilt  information  is  available  (using  an  electronic  inclinometer 
mounted  on  the  sensor  platform),  this  may  be  incorporated  into  the 
altitude  calculation  through  Equation  (3).  For  the  Cape  Cod  experi¬ 
ment  we  did  not  have  the  capability  to  measure  the  tilt.  Since  the 
average  survey  altitude  was  about  45  m,  it  is  clear  from  Figure  3 
that  data  are  not  affected  up  to  about  an  11°  tilt.  In  most  data,  the 
tilt  is  believed  to  be  less  than  this  amount. 

At  each  data  point  we  measure  the  value  Q  in  Equation  (1)  con¬ 
sisting  of  an  inphase  and  a  quadrature  part.  The  only  unknowns  in 
Equation  (1)  are  the  altitude  (h)  and  the  water  conductivity  (a).  Us¬ 
ing  a  numerical  method  similar  to  the  classical  Newton-Raphson 
method,  we  may  solve  the  two  simultaneous  nonlinear  equations  ex¬ 
pressed  by  Equation  (1)  for  h  and  a. 


Figure  2.  Inphase  (solid  lines)  and  quadrature  ( dashed  lines)  responses  of  seawater 
for  various  sensor  heights .  Water  conductivity  is  fixed  at  4  mho/m  and  the 
coil  separation  at  8  m 


Figure  3.  Effect  of  sensor  platform  tilt  for  various  altitudes.  A  1  ppm  error 
is  considered  to  be  negligible.  Water  conductivity  is  fixed  at  4  mho/m  and  the 
coil  separation  at  8  m. 
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EXPERIMENTAL  RESULTS 

A  total  of  about  200  line-km  data  consisting  of  13  segment  profiles 
was  obtained  during  the  Cape  Cod  experiment  (Fig.  4).  The  sam¬ 
pling  rate  was  1  sec  corresponding  to  about  50  m  along  the  ground 
track.  Figures  5-7  show  some  of  the  results  obtained  from  the  Cape 
Cod  experiment.  In  each  figure,  we  show  from  bottom  to  top: 

(1)  raw  data  consisting  of  inphase  (solid  line)  and  quadrature  (dashed 
line)  responses  in  ppm  at  7200  Hz, 

(2)  computed  water  conductivity  (a)  profile, 

(3)  raw  radar  altitude  (solid  line)  and  computed  EM  altitude  (dashed 
line)  profiles,  and 

(4)  differences  between  the  radar  altitudes  and  the  EM  altitudes. 

Spot  measurements  of  water  conductivity  were  made  at  eight  loca¬ 
tions  along  Flight  Line  5031  at  a  3-m  depth.  They  ranged  from  4.0 
mho/m  to  4.12  mho/m.  These  are  shown  in  Figure  5  as  solid  circles 
along  with  the  computed  water  conductivity  profile.  Since  the  Bay 
has  no  fresh-water  inlets,  we  may  expect  a  fairly  uniform  water  con¬ 
ductivity  in  the  neighborhood  of  4  mho/m.  While  the  measured  values 
may  be  fairly  representative  for  deep  water,  there  are  considerable 
uncertainties  over  very  shallow  water  over  the  shoal  (location  is  shown 
in  the  figures)  and  toward  the  beach  where  the  water  depth  is  less 
than  3  m.  Water  temperature  may  rise  significantly  during  the  day 
over  shallow  water  (particularly  during  a  sunny  day  in  June  as  in 
this  case).  A  mere  4°C  difference  at  a  given  salinity  can  cause  as 
much  as  a  10%  change  in  water  conductivity.  While  this  offers  a 
possible  explanation  for  some  high  water  conductivities  over  shoal 
and  beach,  no  ground  truth  data  are  available  to  confirm  this 
possibility. 

Clearly  the  7200-Hz  response  is  overwhelmingly  correctable  with 
variations  in  the  sensor  altitude.  A  1-m  altitude  change  corresponds 
to  an  approximately  75-ppm  change  in  the  inphase  response  at  this 
frequency  (Fig.  2).  Data  on  the  right  end  of  each  profile  should  be 
disregarded  because  the  interpretative  ocean  model  fails  due  to  ex¬ 
tremely  shallow  water  and  beach.  The  7200-Hz  signal  has  a  skin  depth 
of  about  2.9  m  and  thus  feels  the  effect  of  shallow  water  bottom. 
The  water  depth  must  exceed  about  two  skin  depths  to  render  this 
effect  negligible.  Since  some  portions  of  the  survey  area  could  not 
meet  this  requirement,  we  adopted  a  two-layer  ocean  model  that  had 
finite  water  depths.  These  water  depths  are  determined  from  addi¬ 
tional  385-Hz  response  data  (for  details  on  the  water  depth  deter¬ 
mination,  see  Won  and  Smits,  1985).  Had  we  employed  a  higher 
frequency,  say  50  kHz  or  more,  the  water  depth  data  would  not  have 
been  necessary.  In  the  future  experiments,  we  plan  to  use  such  a 
high  frequency  for  altimetric  determination. 

Careful  inspection  of  the  altitude  profiles  show  that  (1)  the  EM  altitudes 
are  generally  smoother  than  the  radar  altitudes,  and  (2)  differences 
between  the  two  altitudes  are  generally  less  than  1  m  except  near 
the  beach.  The  altitude  differences  from  the  entire  13  flight  lines, 


consisting  of  about  4500  data  points,  are  compiled  and  shown  in  a 
histogram  in  Figure  8.  The  differences  aret>bviously  of  a  zero-biased, 
random,  Gaussian-type  distribution. 

The  cause  for  the  differences  cannot  be  ascertained  at  this  time.  We 
may  only  surmise  that  they  are  due  to  either  measurement  error 
of  the  radar  altimeter  or  to  possible  differential  motions  between  the 
aircraft  (on  which  the  radar  altimeter  is  mounted)  and  the  towed  EM 
sensors.  An  indirect  proof  of  the  superiority  of  the  EM  altimetry 
comes  from  the  fact  that,  when  combined  with  the  385-Hz  data,  the 
EM  altitude  produced  far  more  satisfactory  bathymetric  results  than 
the  radar  altitude. 

DISCUSSIONS  AND  CONCLUSIONS 

An  EM  loop  pair  operating  at  a  low  frequency  is  shown  here  to  be 
potentially  an  excellent  altimeter  over  the  ocean.  It  appears  to  be 
superior  in  resolution  to  a  radar  altimeter.  Furthermore,  owing  to 
its  wide  beamwidth,  an  EM  altimeter  is  free  of  the  nadir-pointing 
error  of  a  laser  altimeter.  Further  considerations  for  improvements 
may  be  given  in  the  following  areas: 

(1)  The  operating  frequency  must  be  sufticiently  high  so  that  the 
ocean  would  appear  infinitely  deep.  This  condition  is  satisfied  when 
water  depth  exceeds  about  two  skin  depths.  A  frequency  in  the  100 
kHz-10  mHz  range  appears  to  be  appropriate.  Beyond  this  range, 
the  dielectric  effect  of  water  should  be  incorporated  in  data  reduction. 

(2)  The  towed  sensor  platform  is  not  necessary,  particularly  at  high 
frequencies.  The  transmitter  and  receiver  coils  can  be  attached  directly 
on  the  aircraft  with  an  adequate  separation.  The  primary  field  buck¬ 
ing  can  be  achieved  electronically  instead  of  using  a  separate  buck¬ 
ing  coil.  Noise  due  to  moving  parts  of  aircraft  (such  as  aileron,  rud¬ 
der,  elevator,  propeller,  etc.)  can  be  reduced  through  precision  tun¬ 
ing  and  filtering,  which  should  be  electronically  effective  at  high 
frequencies. 

(3)  Because  of  the  dipolar  radiation  pattern  of  the  transmitter  coil 
and,  thus,  a  wide  beamwidth,  the  EM  altimeter  measures  the  distance 
to  the  instantaneous  mean  sea  level  and  ignores  ripples  and  waves. 
This  may  be  considered  advantageous  for  most  purposes  over  a  laser 
altimeter  which,  having  a  small  beamwidth,  is  susceptible  to  noise 
caused  by  small  surface  fluctuations. 

(4)  An  essentially  similar  method  can  be  applied  to  determine  the 
sea-ice  thickness.  Since  ice  is  transparent  to  EM  waves  up  to  several 
tens  of  kilohertz,  determining  sea-ice  thickness  is  reduced  to  an  EM 
altimetry  problem  involving  distance  up  to  the  ice-seawater  boundary. 
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Figure  4.  The  Cape  Cod  Bay  test  area  and  A  EM  flight  lines.  Small  solid  circles  along  Flight  Line  5031  represent  locations  where  water  conductivity  is  measured 
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Figure  5.  interpretation  results  for  Flight  Line  5031.  Solid  circles  represent  water  conductivities  measured  at  a  3-m  depth. 


AEM  LINE  5051 


Figure  6.  Data  and  interpretation  results  for  Flight  Line  5051. 


AEM  LINE:  5021 


Figure  7.  Data  and  interpretation  results  for  Flight  Line  5021. 
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Figure  8.  Histogram  for  differences  between  radar  altitudes  and  EM  altitudes 
for  the  entire  7200-Hz  data  collected  during  the  Cape  Cod  experiment. 
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ABSTRACT 

The  Naval  Research  Laboratory  (NRL)  has  conducted 
a  series  of  flights  over  the  eastern  Beaufort  Sea 
and  the  Mould  Bay  area  during  October  1981  and 
over  the  marginal  ice  zone  in  the  Greenland  Sea  in 
November  1981  and  July  1983.  Airborne 
millimeter-wave  imagery  at  90,  140,  and  220  GHz 
and  nadir  microwave  measurements  at  19,  22,  31 
(1981),  and  37  (1983)  GHz  were  made  from  the  NRL 
RP-3A  aircraft.  A  130  km  by  130  km  area  was 
mapped  at  90  GHz  from  high  altitude  in  July  1933 
to  obtain  a  time  sequence  of  the  marginal  ice 
zone.  The  1981  imagery,  obtained  at  90  and  140  GHz 
from  several  altitudes  through  both  clear  and 
heavy  cloud  conditions,  can  be  used  to  delineate 
the  ice  edge,  locate  polynas  and  leads,  measure 
ice  concentration,  and  determine  ice  type  and  age 
(from  which  thickness  can  be  inferred).  The  1983 
time  sequence  of  imagery  was  also  used  to  deter¬ 
mine  the  motion  of  the  ice  edge  and  of  individual 
floes  within  the  ice  pack. 


1.  INTRODUCTION 

Microwave  scanning  radiometry  has  proven  to  be  of 
great  value  for  the  remote  sensing  of  the  environ¬ 
ment  and  for  the  remote  surveillance  of  man-made 
objects  against  the  environmental  background.  It 
has  the  advantage  of  being  completely  passive  and 
emitting  no  signals;  thus,  it  is  covert,  difficult 
to  jam,  and  uses  relatively  little  power  compared 
to  active  microwave  devices.  Further,  it  offers 
several  potential  advantages  for  remote  surveil¬ 
lance  over  passive  sensors  operating  at  infrared, 
optical,  and  ultraviolet  wavelengths.  Perhaps 
most  important,  it  allows  all-weather,  day  and 
night  operation,  providing  the  capability  to 
observe  surface  features  and  to  detect  and  track 
objects  moving  on  or  near  the  surface  below  a 
cloud  cover. 

Microwave  radiometry  offers  a  broad  range  of 
applications  and  a  wealth  of  information  due  to 
the  wide  variation  of  the  emission,  absorption, 
and  reflection  properties  of  matter  with  the 
observational  frequency,  polarization,  and  viewing 
angle.  The  microwave  radiation  received  from  the 
earth’s  surface  is  composed  of  the  radiation 
emitted  by  the  surface,  the  radiation  emitted  by 
the  atmospshere  between  the  observer  and  the 


surface,  and  the  downwelling  atmospheric  and 
cosmic  background  radiation  reflected  or  scattered 
from  the  surface  to  the  observer.  Further,  the 
radiation  emitted  and  reflected  from  the  surface 
is  attenuated  by  the  atmosphere  between  the 
surface  and  the  observer. 

Millimeter-wave  radiometry  is  ideally  suited  for 
remote  sensing  in  the  arctic  regions  because  of 
the  high  signal  contrast  between  open  water  and 
sea  ice,  and  between  different  sea  ice  types'. 
Also,  millimeter  waves  provide  the  highest  spatial 
resolution  for  a  given  aperture  size  while  still 
readily  penetrating  the  relatively  dry  arctic  air 
and  low  lying  fog  and  ice  clouds  which  perennially 
cover  the  marginal  ice  zone  and  polar  regions. 
They,  thus,  enable  all-weather  day  or  night 
observations  and  are  the  ideal  compromise  between 
low-resolution,  longer  wavelength  microwaves  and 
high-resolution  infrared  and  optical  sensors  which 
are  blinded  by  weather  much  of  the  time. 

The  location  of  the  sea-ice  edge,  polynyas,  and 
leads,  determination  of  ice  thickness,  and 
measurement  of  ice  type  and  concentration  in  the 
polar  regions  is  of  major  importance  for  shipping 
and  for  military  operations.  Ice  concentration 
greatly  affects  the  dynamics  of  ice-ocean 
circulation  and  air-sea  interaction  processes  and 
is  thus  fundamental  to  accurate  long-term  weather 
prediction.  It  is  therefore  of  great  importance 
to  measure  the  characteristics  and  properties  of 
sea  ice  at  millimeter  wavelengths  and  to  develop 
the  techniques  and  technology  for  an  all-weather, 
high-resolution  remote  sensing  system  for  the 
arctic  regions. 

2.  MICROWAVE  MEASUREMENTS  OF  SEA  ICE 

The  Naval  Research  Laboratory  (NRL)  has  developed 
an  airborne  millimeter-wave  imaging  system  to 
investigate  the  all-weather  applications  of 
millimeter  wavelength  radiometry  to  polar  regions. 
Measurements  have  been  conducted  at  90,  140,  and 
220  GHz  during  a  wide  range  of  atmospheric 
conditions  of  all  types  of  sea  ice  both  during 
froz^npwinter  conditions  and  during  summer 
melt  ’  ■3*  . 

The  atmospheric  transmission  coefficient  versus 
frequency  for  the  average  meteorological 
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conditions  during  the  November  1981  flight  is 
given  in  Figure  1.  It  was  calculated  using  the 
NRL  environmental  model"5  and  the  atmospheric 
conditions  measured  at  the  time  of  the  flights.  It 
is  typical  for  the  atmospheric  conditions 
encountered  in  all  of  the  flights  where  the 
transmission  was  either  similar  to  that  in  Figure 
1  or  higher.  The  high  transmissivity  allowed 
detailed  high-quality  images  of  sea  ice  to  be 
obtained  through  heavy  clouds  at  both  90  and  140 
GHz  from  which  quantitative  information  on  ice 
type,  location,  and  concentration  was  derived.  An 
example  is  given  in  Figure  2  which  shows  a 
high-altitude  image  of  the  ice  edge  observed 
through  heavy  clouds  at  90  GHz  and  at  140  GHz  at  a 
different  time.  The  images  are  11  km  wide  and 
show  a  diffused  and  spread  ice  edge  in  each  case, 
with  large  areas  of  open  water  in  the  ice  more 
than  30  km  away  from  the  ice  free  ocean.  There 
were  rain  clouds  over  the  ocean  which  are  visible 
in  the  90  GHz  image  on  the  left.  The  bright 
region  on  the  left  of  the  140  GHz  image  is  also 
due  to  increased  radiation  from  regions  of  heavier 
clouds.  Observations  at  220  GHz  were  masked  by 
high  radiometer  noise  more  than  by  atmospheric 
interference  but  surface  im|ges  were  only  obtained 
under  cloud  free  conditions  . 

A  low  altitude  90  GHz  image,  with  corresponding  35 
mm  strip  film  photography,  obtained  near  Prince 
Patrick  Island  is  shown  in  Figure  3  •  It  shows  a 
32  km  section  of  90  GHz  imagery  and  corresponding 
strip  film  photography  taken  over  Fitzwilliam 
Strait.  This  image  is  included  here  specifically 
to  illustrate  the  great  diversity  of  microwave  ice 
signatures  discernible  with  the  16  m  by  16  m 
surface  resolution  of  the  90  GHz  imager.  The 
strip  film  photograph  is  good,  but  not  optimum, 
because  of  the  dim  and  diffuse  light  resulting 
from  overcast  skies  above  the  aircraft.  The 
microwave  brightness  temperature  (T  )  ranges  from 
180  to  260  K.  The  original  image  is  in  color 
which  provides  a  greater  dynamic  range  and  hence 
more  detail  than  is  shown  here  in  black  and  white. 
The  width  of  the  image  is  1880  m,  equal  to  twice 
the  altitude.  Despite  the  poor  conditions  for 
photography,  the  correlation  between  ice  features 
in  the  microwave  imagery  and  the  photography  is 
clear.  The  photography  shows  apparently  open 
water,  new  ice,  and  thicker  snow-covered  floes. 

In  contrast  the  passive  microwave  90  GHz  imagery 
shows  a  far  greater  variety  of  ice  types,  includ¬ 
ing  new  ice  (nilas) ,  gray-white  ice,  second  year 
(SY)  and  multiyear  (MY)  ice,  as  well  as  open 
water.  The  open  water  areas  in  the  photography 
can  only  be  identified  positively  with  the  aid  of 
the  microwave  imagery,  since  water  and  unrafted 
thin  ice  are  similar  in  the  photography. 

Ice  type  can  be  determined  unambiguously  from 
millimeter-wave  imagery.  This  is  shown  in  Figure 
4  which  gives  the  measured  distribution  curves 
for  various  ice  types  and  for  open  water  at  both 
90  and  140  GHz.  Each  curve  is  derived  from  an 
individual  ice  floe  and  from  a  single  contiguous 
area.  Values  of  the  mean  and  standard  deviation 
are  given.  Note  that  the  standard  deviation  for 
open  wate**,  a  homogeneous  microwave  scene,  is 


approximately  equal  to  the  instrument  noise  of  1.4 
K  at  90  GHz  and  3.5  K  at  140  GHz.  Thus  a  signifi¬ 
cant  portion  of  the  spread  in  the  microwave  signal 
for  a  single  ice  type  is  due  to  instrument  noise. 

In  particular,  the  higher  instrument  noise  at  140 
GHz  increases  the  apparent  spread  of  Tg  for  the 
various  ice  types  compared  to  90  GHz.  The 
broadening,  as  a  result  of  instrument  noise,  may 
be  removed  to  obtain  the  standard  deviation  in  the 
ice  T  alone  or  1.4  and  2.8  K  for  young  ice,  2.2 
and  3.1  K  for  SY  ice,  and  3.7  and  3.4  K  for  MY  ice 
at  90  and  140  GHz,  respectively.  The  inherent  T^ 
distribution  of  all  ice  types  are  sufficiently 
well  separated  at  both  frequencies  to  allow  each 
ice  type  to  be  easily  distinguished  by  its  micro- 
wave  signal. 

Millimeter-wave  imaging  can  provide  detailed, 
high-quality  mesoscale  maps  of  surface  ice  condi¬ 
tions  through  complete  cloud  cover  from  which 
quantitative  information  about  ice  types,  ice 
concentration,  flow  size,  and  ice  kinematics  can 
be  determined.  Three  such  maps,  collected  during 
July  1983,  are  shown  in  Figures  5,  6,  and  7.  The 
90  GHz  ice  maps  cover  an  area  approximately  130  km 
by  130  km  extending  from  open  ocean  deep  into  the 
ice  pack  interior  with  a  surface  resolution  of  133 
m.  Water,  first  year  (FY),  and  MY  ice  are  clearly 
distinguishable  in  the  imagery.  The  general 
shades  of  the  different  ice  types  in  the  imagery 
are  as  follows:  water  is  usually  light  grey  with 
lighter  or  darker  patches,  FY  ice  appears  uniform 
and  is  medium  to  dark  grey,  MY  floes  are  mottled 
light  grey  and  black.  The  original  images  are  in 
color,  which  provides  a  greater  dynamic  range  and 
facilitates  interpretation,  but  are  reproduced 
here  in  black  and  white.  The  area  was  cloud-free 
on  1  July,  but  was  cloud-covered  on  4  and  11  July. 
Although  the  present  of  clouds  does  not  affect  the 
ability  of  radiometry  to  distinguish  between 
water,  FY,  and  MY  ice,  it  does  decrease  the 
measured  brightness  temperature  contrast  of  all 
three  and  slighly  modifies  their  appearance  in  the 
imagery . 

The  brightness  contrast  between  water,  FY,  and  MY 
ice  allow  the  ice  edge  and  several  dozen  MY  floes 
on  1,  4,  11  July  to  be  easily  located  in  the 
imagery.  Fifty-two  floes  were  tracked  from  1  to 
11  July  to  determine  ice  drift  for  the  period. 
Figure  8  shows  that  the  ice  edge  remained 
relatively  stationary  from  1  to  4  July,  but  by  11 
July  it  had  changed  considerably.  In  general,  ice 
motion  is  a  product  of  many  factors  including 
wind,  ocean  current,  size  and  roughness  of  the 
floes,  coriolis  force,  and  the  compactness  of  the 
ice  field.  Motion  of  ice  at  the  edge  and,  to  some 
extent,  into  the  marginal  ice  zone  (MIZ)  is 
greatly  influenced  by  the  ice-ocean  boundary  where 
mechanisms  of  wave-floe  interactions  and  oceanic 
processes  such  as  fronts  and  eddies,  and  the 
effects  of  storms  can  have  a  significantly  greater 
impact  than  at  locations  further  from  the  edge. 
Some  local  correlations  can  be  seen  between  the  - 
translation  vectors  of  large  floes  in  the  upper 
half  of  the  figure,  which  corresponds  to  the 
50-100  km  interior  of  the  MIZ.  Likewise,  some 
general  correlations  can  be  seen  between  the 
translation  vectors  in  the  bottom  half  of  the 
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figure  in  the  areas  nearest  the  edge.  Interest¬ 
ingly,  in  the  area  nearest  the  edge,  where  the 
influence  of  wave  interaction  and  other  oceanic 
processes  on  the  ice  floes  is  greatest,  the 
direction  of  the  floe  movement  for  the  period  1-4 
July  is  somewhat  counter  to  the  direction  of  move¬ 
ment  in  the  interior.  The  dynamics  of  the  ice 
edge  environment  is  evidenced  by  the  apparent  loss 
of  the  major  floes  at  the  edge  southward  across 
the  open  ocean  boundary  sometime  between  4  and  11 
July.  An  off-ice  wind,  generated  during  a  storm 
which  was  located  at  approximately  76°N  0°E  on  10 
July,  is  the  probable  cause  for  the  floe  movement 
into  the  open  ocean. 
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Figure  1.  Atmospheric  Transmission  Versus 
Frequency  for  Atmospheric  Conditions  During 
November  1931  Flights. 


Figure  2.  Two  Different  High  Altitude 
Millimeter-Wave  Images  of  a  Diffuse  Ice  Edge. 


Figure  3.  Low  Altitude  Imagery  of  the  Fitzwilliam 
Ftrait  and  Corresponding  Photography. 


Figure  4.  90  GHz  and  140  GHz  Distribution 

Curves  of  Several  Ice  Types  and  Open  Water. 


Figure  6.  4  July  1983  90  GHz  High  Altitude 

Ice  Map. 
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Figure  5.  1  July  1983  90  Ghz  High  Altitude 

Ice  Map. 


Figure  7.  11  July  1983  90  GHz  High  Altitude 

Ice  Map. 
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1983  ICE  MOTION 


Figure  8.  Ice  Edges  and  Drift  of  Multiyear 
Ice  Floes  From  1,  4,  and  11  July- 1983  Ice  Maps. 
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ABSTRACT 

The  remote  sensing  techniques  utilized  in  the 
Marginal  Ice  Zone  Experiment  (MIZEX)  1983  and 
1984  to  study  both  the  physical  characteristics 
and  geophysical  processes  of  the  Fram  Strait 
Region  of  the  Greenland  Sea  are  described.  The 
studies,  which  utilized  satellites,  aircraft, 
helicopters,  and  ship-  and  surface-based  remote 
sensors,  focused  on  the  use  of  microwave  remote 
sensors  since  they  permit  observation  of  ocean 
and  ice  surfaces  through  clouds,  rain  and  snow 
which  frequently  occur  in  the  marginal  ice  zone. 
Preliminary  MIZEX  results  indicate  that  remote 
sensors  can  provide  marginal  ice  zone  character¬ 
istics  which  include  ice  edge  and  ice  boundary 
locations,  ice  types  and  concentration,  ice 
deformation,  ice  kinematics,  gravity  waves  and 
swell  (in  both  the  water  and  the  ice),  location 
of  internal  wave  fields,  location  of  eddies  and 
current  boundaries,  surface  currents  and  sea 
surface  winds.  The  emphasis  of  this  paper  is  on 
the  results  obtained  with  the  synthetic  aperture 
radar  (5AR)  active  microwave  sensor. 

Keywords:  Remote  Sensing,  Marginal  Ice  Zone, 
Microwave  Sensors,  Synoptic  Coverage,  Eddy  Forma¬ 
tion,  Ice  Kinematics,  Concentration,  Ice  Type 


1.  INTRODUCTION 

The  Marginal  Ice  Zone  (MIZ)  is  the  region  of  the 
outermost  extent  of  the  Polar  Ice  Field.  In  the 
MIZ,  strong  interactions  between  the  atmosphere, 
sea  ice,  and  ocean  occur.  Current  scientific 
interest  in  the  Arctic  marginal  ice  zone  results 
from  the  important  influence  this  air-sea-ice 
interaction  has  on  both  local  and  hemispheric 
weather  and  climate.  A  central  problem  to  MIZ 
studies  is  the  definition  of  those  oceanic  and 
atmospheric  processes  which  determine  the  loca¬ 
tion  of  the  ice  edge,  ice  morphology,  and  defor¬ 
mation  within  the  marginal  ice  zone.  Clearly, 
advances  in  the  understanding  of  these  processes 
are  of  practical  as  well  as  scientific  impor¬ 
tance.  The  results  of  such  studies  will  lead  to 
more  accurate  short-range  forecasts  of  sea  ice 
movements  which  will  contribute  toward  resource 
management,  exploration,  and  exploitation.  For 
these  reasons,  an  internationally  coordinated 
deep-water  Marginal  Ice  Zone  experiment  in  the 
Fram  Strait  Region  of  the  Greenland  Sea  has  been 


organized  for  the  purpose  of  studying  mesoscale 
air-ice-ocean  interactions  in  the  Arctic 
MIZ^’2.  This  experiment,  begun  in  the  summer  of 
1983  and  continued  in  the  summer  of  1984,  offers 
a  comprehensive  array  of  coordinated  mesoscale 
ocean,  ice,  and  atmospheric  measurements  involv¬ 
ing  icebreakers,  oceanographic  vessels,  ice  and 
ocean  buoys,  remote  sensing  aircraft  and 
spacecraft . 

The  focus  of  the  MIZEX  remote  sensing  studies  is 
on  the  use  of  microwave  sensors  since  they  permit 
observation  of  ocean  and  ice  surfaces  through 
clouds,  rain,  and  snow  which  frequently  occur  in 
this  region  of  the  world.  Several  of  the  phenom¬ 
ena  to  be  studied  in  the  MIZ,  such  as  oceanic 
fronts  and  eddies,  internal  and  gravity  waves, 
ice  concentration  and  ice  types,  have  distinct 
surface  signatures  that  can  be  observed  by  active 
and  passive  microwave  sensors.  Remote  sensing 
is  the  only  way  to  obtain  mesoscale,  synoptic, 
coverage  of  these  phenomena  at  sufficiently  high 
spatial  resolution  to  provide  useful  information 
on  ice,  ocean  and  atmospheric  parameters  in  the 
MIZ.  The  remote  sensing  data  therefore  can  be 
used  to  not  only  identify  the  ice  and  ocean  char¬ 
acteristics  of  the  MIZ,  but  to  also  better  under¬ 
stand  the  physical  processes  that  control  the 
MIZ. 

In  spite  of  much  research  conducted  with  respect 
to  microwave  detection  of  sea  ice  during  the  last 
decade,  i.e.,  BESEX3,  AIDJEX4,  and  NORSEX3,  very 
little  work  has  been  done  during  the  summer  sea¬ 
son.  Many  ambiguity  problems  are  known  to  exist 
in  this  season  due  to  snow  melt  and  continual 
freezing  and  refreezing  of  ice  surfaces.  For 
example,  passive  microwave  techniques  yield  good 
estimates  of  ice  concentration  when  the  ice  is 
frozen^,  but  it  is  uncertain  how  well  this 
technique  will  work  for  wet  ice.  Another  example 
is  the  imaging  radar  observations.  This  tech¬ 
nique  presently  provides  information  about  the 
ice  edge  and  its  structure,  as  well  as  surface 
and  internal  waves  in  the  ocean.  However,  we 
have  not  yet  shown  how  useful  the  SAR  is  for 
estimating  ice  concentration  and  floe  size  dis¬ 
tribution  during  summer  and  for  locating  fronts 
and  eddies  in  the  open  ocean  off  the  ice  edge. 

The  purpose  of  this  paper  is  to  Describe  the 
remote  sensing  techniques  utilized  in  MIZEX  83 
and  84  to  study  both  the  physical  character  and 
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the  geophysical  processes  of  the  MIZ.  Presented 
in  this  paper  is  a  background  section  that  dis¬ 
cusses  the  remote  sensing  systems  utilized  in 
MIZEX,  as  well  as  the  integrated  measurement  plan 
for  aircraft,  helicopter,  and  in  situ  surface- 
based  measurements.  The  background  section  is 
followed  by  a  discussion  of  the  preliminary  re¬ 
sults  of  the  remote  sensing  analysis  of  the  MIZEX 
data  and  a  summary  and  recommendations  section. 
Special  emphasis  is  given  to  the  SAR  results 
obtained  in  the  experiment. 

2.  BACKGROUND 

The  study  of  the  microwave  remote  sensing  of  sea 
ice  and  oceans  was  initiated  by  NASA  in  the  late 
1960's  with  the  objective  of  discovering  an  all- 
weather  and  day-or-night  means  of  observing  the 
oceans  and  polar  sea  ice  canopies.  Since  that 
time,  a  series  of  international  sea  ice  remote 
sensing  experiments  have  been  conducted  that  have 
improved  the  understanding  of  the  microwave  prop¬ 
erties  of  sea  ice  and  oceans:  AIDJEX  (Arctic  Ice 
Dynamics  Joint  Experiment)  Pilot  Experiment,  1971 
and  1972;  Joint  U.S.S.R.  Bering  Sea  Experiment, 
1973:  AIDJEX  Main  Experiment,  1975-76;  Norwegian 
Remote  Sensing  Experiments  (NORSEX),  1978  and 
1979;  Bering  Sea  MIZEX,  1983.  This  microwave 
research  has,  for  example,  enabled  investigators 
to  utilize  Nimbus-5  ESMR  and  Nimbus-7  SMMR  satel¬ 
lite  observations  to  obtain  the  first  synoptic 
views  of  the  entire  Arctic  and  Antarctic  sea  ice 
covers  and  to  derive  spatial  and  temporal  varia¬ 
tions  of  sea  ice  parameters?-^ .  During  the  last 
decade  an  intensive  effort  has  been  made  to  im¬ 
prove  the  accuracies  in  the  measurement  of  these 
ice  parameters.  The  above-mentioned  experiments 
have  also  enabled  researchers  to  utilize  the 
Seasat  SAR  to  obtain  ice  type,  kinematic,  and 
concentration  information  of  summer  ice  in  the 
Arctic^2*!3. 

For  MIZEX  there  are  two  specific  objectives  of 
the  remote  sensing  program: 

1.  Remote  sensing  as  a  tool  —  to  provide  base¬ 
line  information  on  various  ocean  and  ice 
characteristics  required  by  MIZEX  investi¬ 
gators,  e.g.,  ice  edge  position,  ice-ocean 
eddy  location,  positions  of  large  leads  and 
polynyas. 

2.  Remote  sensing  as  a  science  —  to  improve  our 
knowledge  of  the  microwave  signatures  of  dif¬ 
ferent  geophysical  parameters  of  the  MIZ  in 
summer.  This  will  comprise  the  following 
elements: 

a.  To  develop  improved  algorithms  for  ex¬ 
tracting  geophysical  ocean  and  ice  param¬ 
eters  from  aircraft  and  spacecraft  (where 
available)  remote  sensing  observations. 
This  requires  an  extensive  surface-based 
microwave  program  to  relate  scattering 
and  emission  characteristics  to  sensor 
frequency,  ice  type,  and  physical  ice 
properties  (surface  roughness,  snow 
cover,  dielectric  characteristics,  tem¬ 
perature,  salinity,  crystal  size). 


b.  To  determine  whether  certain  ice  param¬ 
eters  such  as  ice  concentration,  ice  type 
and  ice  roughness  can  be  reliably  ex¬ 
tracted  from  the  outputs  of  a  combination 
of  active  and  passive  microwave  sensors, 
especially  for  the  MIZ  in  summer. 

c.  To  develop  new  applications  of  remote 
sensors  in  this  zone,  such  as  the  detec¬ 
tion  of  gravity  waves  as  they  propagate 
into  the  ice  and  the  evolution  of  melt 
ponds. 

d.  To  develop  models  that  adequately  explain 
and  predict  remotely-sensed  electromag¬ 
netic  radiation  signatures  of  both  ice 
and  ocean  features. 

Remote  sensors  have  a  proven  ability  to  detect 
these  geophysical  parameters;  however,  to  deter¬ 
mine  the  ultimate  accuracy  with  which  they  can 
do  so  is  a  prime  objective  of  MIZEX. 

Both  active  and  passive,  microwave  and  visible 
remote  sensing  systems  were  utilized  during 
MIZEX.  The  sensors  included:  imaging  radar 
(both  SAR  and  SLAR),  microwave  scatterometers, 
visible,  infrared,  and  microwave  radiometers, 
AXBTs,  aerial  photography,  CODAR,  and  dielectric 
constant  measuring  devices.  Tables  1-3  lists  the 
satellite,  aircraft,  helicopter,  and  surface- 
based  remote  sensing  instrumentation  utilized  in 
MIZEX  83  and  84.  Also  included  on  the  tables  is 
the  frequency  of  the  remote  sensing  instrument 
along  with  the  MIZ  characteristic  it  directly  or 
indirectly  measures.  The  MIZ  characteristics 
include  ice  edge  position,  ice  types  and  concen¬ 
tration,  ice  deformation,  ice  kinematics,  gravity 
waves  and  swell  both  in  the  water  and  the  ice, 
location  of  internal  wave  fields,  location  of 
eddies  and  current  boundaries,  surface  currents, 
and  sea  surface  winds.  Table  4  summarizes  the 
present  status  of  algorithms  that  utilize  remote 
sensor  data  to  extract  ice  and  ocean  parameters 
such  as  those  mentioned  above.  This  table  shows 
which  sensor  has  a  demonstrated  or  potential 
capability  to  observe  each  phenomenon. 

The  satellite  systems  which  proved  most  useful 
during  MIZEX  were  the  NOAA  AVHRR  imagery  with 
its  1  km  resolution  and  the  microwave  SMMR  data 
from  Nimbus-7.  The  NOAA  visible  and  IR  data 
coverage  was  dependent  on  cloud  cover,  while  the 
passive  microwave  data  with  its  25  km  resolution 
was  collected  on  alternate  days  regardless  of 
weather  conditions. 

The  aircraft  listed  on  the  table  were  utilized 
in  two  types  of  flight  plans:  high-altitude  with 
imaging  radars  and  scanning  passive  microwave 
sensors  to  acquire  the  mesoscale  sequential 
synoptic  images  of  the  entire  MIZEX  test  area, 
and  low-altitude  with  active  and  passive  micro- 
wave  instruments  to  acquire  high-resolution 
transect  data  in  selected  locations  within  the 
test  area.  Thus,  two  types  of  remote  sensing 
products  were  generated:  composite  mosaic  maps 
of  the  entire  test  area  and  transect  images  and 
profiles.  The  active  and  passive  microwave 
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FABLE  1 

MI2EX  83  AND  84  REMOTE  SENSING  INSTRUMENT  ENSEMBLES 


Satellite  Sensors 


Name  MIZEX  Participation 

NOAA-7/8  1983  and  1984 

(US/NOAA) 


Meteor 

(Soviet) 


DMSP 

(US/DOD) 


LANOSAT-D 

(US/NASA) 


NIMBUS-7 

(US/NOAA/NASA) 


1983  and  1984 


1983  and  1984 


1983  and  1984 


1983  and  1984 


Resolution  and  Coverage  MI2  Character istics  Provided 

1  km  entire  Fram  Strait  Meteorology 

Ice  Motion 


Ice  Ldye  Local iuii 
Eddy  Structure 

OLS 

Visible  and 

1 nfrared 

5  km  entire  Fram  Strait 

Meteorology 

Ice  Motion 

Ice  Eoge  Location 
Eddy  Structure 

OLS 

Visible  and 

Infrared 

1  km  entire  Fram  Strait 

Meteorology 

Ice  Motion 

Ice  Ldye  Location 
Eddy  Structure 

MSS 

Visible  and 

Near  Infrared 

80  m 

100  km  frames 

Meteorology 

Ice  Motion 

Ice  Euge  Location 
Eddy  Structure 

SMMR 

Microwave 

25  km  entire  Fram  Strait 

Meteorology 

Ice  Motion 

Ice  Type 

Instruments  Type 

AVHRR  Visible  and  Infrared 


"NOAA” "National  Oceanic  and  Atmospheric  Administration 
DOO  »  Department  of  Defense 

NASA  -  National  Aeronautics  and  Space  Administration 
DMSP  ■  Defense  Meteorological  Satellite  Program 
AVHRR  «  Advanced  Very  High  Resolution  Radiometer 
OLS  -  Optical  Line  Scanner 
MSS  -  Multlspectral  Scanner 
SMMR  .  Spectral  Scanning  Microwave  Instrument 


TABLE  2 

MIZEX  83  ANO  84  REMOTE  SENSING  INSTRUMENT  ENSEMBLES 
Aircraft  Sensors 


Platform 

MIZEX  Partici pation 

Instruments 

Frequency  (GHz) 

Resolution  ana  Coverage 

M 1 Z  Characteristics  ProviUtu 

CCRS  CV-580 

1983  and  1984 

Imaging  radar  (SAR) 

9.8,  5.3,  1.3 

3  m,  10  km  swath  width 

Ice  Eoge  Location 

(CCRS/ERIM) 

70  km  mosaics 

Eddy  Structure 

Scatterometer 

13.3 

Profiler 

Ice  Type  Mapping 

Microwave  radiometer 

19.4 

Prof i 1 er 

Ocean  wave  Spectra 

Aerial  Cameras 

Visible 

Floe  Size  Distribution 

Ice  Concentration 

Ice  Kinematics 

RDAF  C— 130 

1983 

Imaging  radar  (SLAR) 

10 

2b  m,  40  km  swath  width 

Ice  Edge  Location 

(Denmark / Air  Force) 

Passive  microwave  imager 

1.3,  5,  17,  34 

Prof i ler 

Eddy  Structure 

35-mn  photography 

Visible 

Ice  Type 

Ice  Concentration 

USA-NRL  P-3 

1983  and  1984 

Passive  microwave  imager 

90,  140,  22C 

15-120  m,  2-15  km 

Ice  Edge  Location 

(USA) 

SSM/I  radiometer 

19,  22,  31.  37 

swath  width 

Ice  Concentration 

PRT-5  infrared  profiler 

11  (microns) 

100  km  mosaics 

Ice  Type 

INS  winds 

NA 

Ice  Kinematics 

Environmental  sensors 

NA 

60  nm  photography  -  Hasselblad 

V  isible 

Stepped-frequency  radiometer 

4. 5-7. 2 

Prof i ler 

Norwegian  Air  Force 
P-3 

(Norway/Air  Force) 

1983  and  1984 

AXBT 

NA 

Point  measurements 

Ocean  Temperature 

ARA  Baron 

1983 

Atmospheric  boundary  layer 

V  isfble 

Prof l ler 

Meteorology 

(US) 

par ame ters 

Ice  Edge  Location 

Survey  photography 

Mosaics 

Floe  Size  Distribution 

CV-990 

1984 

Radar  altimeter 

13.7 

1  km  profiler 

Wave  height,  ice  eoge 

( NASA/ /USA) 

location 

Passive  microwave  imager 

92,  19 

100  m,  100  km  mosaics 

Ice  type 

Radiometer 

10.7,  18,  21,  37 

Prof i ler 

Ice  concentration 

PRT-5  and  camera 

11  wm,  visible 

NOAA  P-3 

1984 

SLAR 

3b  GHz 

10  m,  20  km  swath  width 

Ice  edge 

(USA) 

Laser  prof  Home  ter 

Visible 

Prof i ler 

Flow  size  distribution 

Gust  probe 

Profiler 

Ice  concentration 

Ice  type 

Ice  roughness 
tddy  structure 

8-17 

1984 

SLAR 

9.3  GHz 

25  m,  20  km  swath  width 

Ice  edge  location 

(CNES/France) 

Photography 

Visible 

90  km  mosaics 

Flow  size  distribution 

Ice  concentration 
Oceanographic  information 

Falcon  20 

1984 

Meteorology  air  samples 

NA 

Prof iler 

Cloud  crop  size  distribution 

(OFVLR/W.  Germany) 

Aerosol  samples 

Scattering  coefficient 

CCRS  =  Canada  Centre  for  Remote  Sensing 

ARA  *  Airborne  Research 

Associates 

CNts  =  Centre 

National  de'ttuues  Spatiales 

ERIM  =  Environmental 

Research  Institute  of 

Michigan  NASA  =  National  Aeronaut 

ics  and  Space  Adminstration  UFVLR  *  Deutsche  Forschungs-  uno 

NRL  s  Naval  Research  Laboratory 

NOAA  =  National  Oceanic. 

and  Atmospheric  Admin 

istratiuii  Versuchsanstal  t  tur  Lull-  und  kauiiitaliri 
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•  FABLE  3 

MIZEX  83  AND  84  REMOTE  SENSING  INSTRUMENT  ENSEMBLES 


Platform 

MIZEX 

Participation 

Instruments 

Instrument 

Platform 

Frequency 
.  (GHz) 

Resolution  and 
Swath 

MIZ  Characteristics 
Prov iaed 

Drifting-Ice  Ship  Station 
(Polarbjorn  or 

Polarqueen) 

Univ.  of  Kansas 

1983 

Microwave  Step  Frequency 
Scatterometer 

Dielectric  Constant  Measurements 

Helicopter 

Ground 

1  to  18  selected 

1  to  4 

Profiling 

Point  Measurements 

Ice  Type,  LM 
Properties 

EM  Ice  Properties 
(reflection, 
penetration, 
etc. ) 

Univ.  of  Washington 

1983  and  1984 

Passive  Microwave  Radiometer 

Ground 

10,  18,  37  and  90 

Point  Measurements 

Ice  Type, 

EM  Properties 

Ice-Strengthened  Ship 
(Polarstern) 

Univ.  of  Kansas 

1984 

Micrcwave  Step  Frequency 
Scatterometer 

Dielectric  Constant  Measurements 

Helicopter 

Ground 

1  to  18  selected 

1  to  4 

Profiling 

Point  Measurements 

Ice  Type,  EM 
Properties 

EM  Ice  Properties 
(reflection , 
penetration, 
etc. ) 

Switzer land/Univ. 
of  8ern 

1983 

Passive  Microwave  Radiometer 
Microwave  Scatterometer 

Infrared  Radiometer 

Ship-Mounted 

Ship-Mounted 

10.4 

4.9,  10.4,  21,  36  and  94.6 

8  to  14  (microns) 

Point  Measurements 

Point  Measurements 

Ice  Type/EM 
Properties 

Thermal  Ice 
Properties 

Resonant  Cavity 
(Oielectric  Constant 

Measurements ) 

Ground 

1.0 

Point  Measurements 

EM  Ice  Properties 

France/CNES 

1983  and  1984 

RAMSES  Microwave  Active 

Radiometer 

(ERASME  Scatterometer) 

Ship-Mounted 

Hel  icopter 

8-18  Selected  (9,  13.5 

Used  Extensively) 

5.35 

Point  Measurements 

Trnsects 

Ice  Type/EM 
Properties 

ERIM 

1984 

Resonant  Cav*ty 
(Dielectric  Constant 

Measurements) 

Incident  Power  Measurements 

Snow  Free  Water  Measurements 

Ground 

1,  10,  100  MHZ 

Point  Measurements 

EM  Ice  Properties 
X-C-L  SAR 

Cal ibration 
Microwave 
Penetration 

CnES  -  Centre  Nat  ion  a1  d'  Etudes  Spatailes 

ERIM  *  Environmental  Research  Institute  of  Michigan 


TABLE  4 

SEA  ICE  AND  OCEAN  PARAMETERS  AND  SENSORS 

1  --  Demonstrated  Capability  2  —  Potential  Capability  3  --  Ancillary  Capability 


Imaging 

Radar 

Radar 

A1  time  ter 

Passive 

Microwave 

Scatterometer 

Photography 

Infrared 

Imager 

Laser 

Prof i 1 ometer 

Infrared 

Profiler 

AXBT 

Deformation  of  ice  boundary 

1 

3 

1 

2 

1 

_ 

.. 

Location  and  shape- size  of 
ocean  ice  studies 

1 

__ 

2 

2 

3 

2 

Floe  size  distribution 

1 

— 

3 

— 

1 

.. 

__ 

__ 

Ice  type 

2 

- 

1 

1 

3 

— 

__ 

Ice  roughness 

2 

2 

— 

2 

-- 

— 

1 

Ocean  wave  spectra 

1 

1 

— 

2 

— 

— 

2 

_ 

Surface  wind  over  water 

2 

1 

2 

1 

— 

— 

__ 

__ 

_ 

Sea  surface  temperature 

- 

- 

1 

— 

— 

1 

— 

1 

2 

Ocean  temperature  profiles 

- 

— 

- 

— 

— 

-- 

__ 

1 

Ice  temperature  (surface) 

— 

- 

2 

— 

1 

__ 

1 

1 

Ice  concentration 

1 

2 

1 

— 

3 

__ 

__ 

__ 
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instrumented  aircraft  were  flown  coincidently  for 
the  purpose  of  sensor  performance  comparison  and 
validation. 

In  order  to  validate  the  satellite  and  aircraft 
remote  sensors,  mul ti spectral  microwave  measure¬ 
ments  were  made  by  helicopter,  ship,  and  surface- 
based  sensors.  Measurements  included  brightness 
temperature,  radar  backscatter  cross  sections, 
and  dielectric  properties  for  water  and  various 
types  of  ice  during  different  weather  conditions. 
Measurement  groups  were  located  on  both  the  ice 
drifting  ships  and  the  ice  edge  ships.  On  the 
former,  their  task  was  to  concentrate  on  detailed 
temporal  studies  of  selected  ice  types.  On  the 
latter,  it  was  to  study  different  ice  types  as 
the  ship  made  transects  into  the  ice. 
Helicopter-borne  instruments  linked  both 
mesoscale  programs  and  provided  high  mobility  to 
study  ice  conditions  within  the  experimental 
regi on . 

Surface  measurements  were  made  of  physical- 
electrical  properties  of  various  ice  and  snow 
types  present  at  the  active-passive  remote  sens¬ 
ing  test  sites  to  help  in  understanding  the 
microwave  interaction  processes  involved.  Physi¬ 
cal  property  information  acquired  included 
small-scale  surface  roughness,  snow  wetness, 
grain  size,  salinity  distribution,  temperature, 
snow  thickness,  ice  thickness,  and  scatterers  in 
the  ice.  Dielectric  constant  measurements  were 
made  to  describe  various  ice  types  at  X-L-C  bands 
and  13.7  GHz.  Scenes  of  special  interest  in¬ 
cluded  surfaces  which  had  melted  and  refrozen, 
ice  ridges,  multi-year,  first-year  and  thin  ice 
of  various  thicknesses,  and  melt  ponds  and  open 
water  under  calm  and  windy  conditions. 

During  both  the  MIZEX  83  and  84  field  programs, 
emphasis  was  given  to  coordinating  the  aircraft, 
helicopter,  ship-based,  and  surface-based 
(in-situ)  measurements.  To  meet  the  objectives 
ouTlined  above  required  helicopter,  ship-based 
and  in  situ  measurements  to  be  made  during  all 
remote*  sensing  aircraft  flights  and  active  SAR 
data  to  be  collected  coincidentally  with  the 
passive  microwave  data.  Table  5  summarizes  the 
MIZEX  84  aircraft  operations  for  remote  sensing 
and  meteorology. 

3.  PRELIMINARY  RESULTS 

Remote  sensing  imagery  obtained  during  MIZEX  from 
both  aircraft  and  satellite  sensors  provided 
synoptic  information  on  ice  location,  ice  edge 
features,  and  the  regimes  of  ice  conditions 
within  the  MIZ.  Scanning  Multichannel  Microwave 
Radiometer  (SMMR)  and  Advanced  Very  High  Resolu¬ 
tion  Radiometer  (AVHRR)  images  from  satellite 
show  the  general  location  of  the  ice  edge  and 
ice  edge  features  in  the  entire  Greenland  Sea. 
This  imagery  is  invaluable  for  monitoring  the 
temporal  evolution  of  the  MIZ  and  providing  a 
synoptic  context  for  phenomena  observed  in  the 
field.  The  AVHRR  data  were  also  useful  in  deter¬ 
mining  meteorological  conditions  over  the  exper¬ 
iment  area  as  well  as  discriminating  large  ice 
floes  (i  .e.,  5  km  or  larger). 


Passive  microwave  and  radar  imagery  from  aircraft 
sensors  also  provide  a  synoptic  view,  but  on  the 
100-200  km  scale  of  the  experiment  itself.  By 
collecting  this  imagery  over  a  period  of  days, 
it  is  possible  to  also  monitor  temporal  changes 
and  increase  the  spatial  extent  of  ice  edge  ob¬ 
servations.  High  resolution  SAR  (i.e.,  3  m  x  3 
m  resolution)  can  give  ice  edge  and  feature  loca¬ 
tion  to  within  1  km,  which  is  sufficient  for 
ships  to  subsequently  locate  and  investigate  a 
given  feature. 

A  comparison  of  the  satellite-derived  ice  edge 
to  that  obtained  by  the  higher  resolution  air¬ 
craft  data  for  29-30  June  1984  is  presented  in 
Figure  1.  Shown  on  the  figure  is  the  NIMBUS-7 
SMMR  edge  (i.e.,  10  and  35  percent  ice  concentra¬ 
tion),  that  from  the  NOAA-7  AVHRR  along  with  the 
ice  edge  extracted  from  the  SAR  and  SLAR  data. 
Also,  for  comparison,  the  ice  edge,  as  provided 
by  NAVOCEANO  is  presented  on  the  figure.  Given 
the  respective  resolution  of  the  AVHRR  (1  km), 

SMMR  (25  km),  SAR  (3  m),  and  SLAR  (100  m),  the 
sensors  all  appear  to  provide  accurate  ice  edge 
information.  The  NAVOCEANO  prediction  which  is 
based  on  NOAA-7  and  DMSP  AVHRR  data  also  appears 
to  be  quite  accurate . 

In  addition  to  the  general  character  of  the  MIZ, 
satellite,  aircraft,  and  surface  remote  sensing 
data  from  MIZEX  have  collectively  produced  sig¬ 
nificant  information  on  MIZ  processes  and  geo¬ 
physical  parameters  under  summer  conditions. 
Preliminary  results  are  available  from  studies 
of  eddy  formation  at  the  ice  edge,  propagation 
of  gravity  waves  into  the  ice,  ice  kinematics, 
ice  concen tr ati on ,  floe  size  distribution  and 
ice  type  discrimination. 

AVHRR  imagery  has  served  as  a  context  for  obser¬ 
vations  of  oceanic  eddies  made  during  MIZEX. 
Surface  patterns  on  the  imagery  indicate  the 
presence  of  ice  edge  eddies  over  and  near  the 
vicinity  of  the  Molloy  Deep,  a  topographic  fea¬ 
ture  (depression)  at  approximately  79°15'N  0  E, 
as  well  as  the  ice  drift  and  ice  edge  deformation 
due  to  combined  effects  of  waves  and  eddies. 
Eddies  in  this  area  have  been  observed  pre¬ 
viously^4^5  and  appear  to  be  topographically 
controlled  and  baroclinic  in  nature. 

Eddies  seen  in  AVHRR  imagery  also  have  been  ob¬ 
served  on  the  SAR  images  of  the  MIZ.  Figure  2 
is  a  mosaic  of  the  L-band  (23.5  cm  wavelength) 
data  collected  on  5  July  1984.  The  three  eddies 
clearly  observed  on  the  mosaic  (see  Figure  3  for 
an  interpretative  key)  were  also  observed  on  the 
4  July  AVHRR  infrared  image.  Note  from  the 
blow-up  on  the  figure  that  individual  ice  pieces 
can  be  resolved  on  the  3  m  resolution  radar  aata. 
These  eddies  are  visible  on  the  SAR  data  because 
surface  currents  associated  with  the  eddy  align 
and  consolidate  (due  to  current  shear)  small 
50-500  m  pieces  of  ice.  These  small  floes  which 
were  broken  up  from  larger  floes  due  to  wave 
action,  are  in  effect,  surface  current  drifters 
that  are  very  bright  radar  reflectors  to  the  SAR. 
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Table  5.  MIZEX  84  AIRCRAFT  OPERATIONS  FOR  REMOTE  SENSING  AND  METEOROLOGY 


1  . 


The  ice  edge 


as  determined  from  satellite  and 


ai rcraf t 


remote 


sensing  data. 
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Figure  2.  SAR  mosaic  for  5  July  1984.  Note  the  eddy  clearly  visible  in  the  center  of  the  image. 


184 


ICE  INTERPRETATION 

5  July  1984 
1400—1700  GMT 

CV-580  SAR 
MIZEX 


—  LARGE  INDIVIDUAL  FLOES 


—  POLYNYAS  AND  ICE  FREE 
OCEAN  AREAS 


—  APPROXIMATELY  30% 
CONCENTRATION  WITH 
ICE  FLOE  SIZE  RANGING 
FROM  1 0m  TO  500  m  WITH 
A  MEDIAN  FLOE  SIZE  OF 
125  m  •  INDICATES 
INCREASED  LOCAL  ICE 
CONCENTRATION  DUE  TO 
SURFACE  CURRENTS 


—  APPROXIMATELY  80% 
CONCENTRATION  WITH 
ICE  FLOE  SIZE  RANGING 
FROM  10m  TO  1.3  km 
WITH  A  MEDIAN  FLOE 
SIZE  OF  150  m 


—  APPROXIMATELY  80% 
CONCENTRATION  WITH 
ICE  FLOE  SIZE  RANGING 
FROM  10  m  TO  6  km  WITH 
A  MEDIAN  FLOE  SIZE 
OF  1  km 


Of  ICE 


i°w 

I _ 1 

1  0  km 

SLANT  RANGE 


Figure  3.  SAR  interpretation  key  for  the  5  July  mosaic 


Figure  4  is  an  oblique  photograph  taken  from 
23,000  ft  of  the  SAR  imaged^eddy  located  at 
approximately  78°40'N  and  2*W.  Remote  sensing 
instruments  as  well  as  in  situ  observations  in¬ 
dicated  this  cyclonic  eddy  has  a  lifetime  of 
approximately  30  days.  The  diameter  of  the  eddy 
is  30-40  km.  ARGOS  buoys  deployed  within  the 
eddy  indicated  a  counter-clockwise  orbital  veloc¬ 
ity  flow  of  0.5  m/s.  The  convergence  of  the  ice 
floes  in  the  center  of  the  eddy  clearly  suggest 
that  ageostrophic  effects  are  important. 

The  eddies  were  extensively  "sea  truthed"  during 
MIZEX  with  the  aid  of  SAR  imagery.  Using  the  SAR 
real-time  output  images  to  locate  the  center  of 
the  eddies,  complete  temperature,  salinity,  and 
density  profiles  were  obtained  from  ships  and 
AXBT  observations. 

In  addition  to  the  SAR  providing  mesoscale  infor¬ 
mation  on  ice  edge  and  eddy  formation,  the  SAR 
has  also  been  used  to  provide  detailed  high- 
resolution  information  on  MI Z  characteristics . 
This  information  was  obtained  through  manual 
interpretation,  machine-assisted  manual  analysis 
or  fully  digital  analysis  of  the  SAR  data. 

Manual  interpretati ons  done  on  the  mosaics  from 
each  day  were  based  on  features  observed  in  the 
X-band  (3-cm  wavelength)  and  l-band  data.  The  5 
‘July  interpretati  on  is  shown  in  Figure  3.  These 
channels  provide  complimentary  information:  the 
X-band  gives  better  ice/water  contrast  and  there¬ 
fore  good  floe  definition,  whereas  the  L-band 
provides  more  detail  on  features  within  the  floes 
and  on  ocean  wave  features. 


The  interpretation  consisted  of  three  parts. 

The  first  was  the  identification  of  unique  fea¬ 
tures:  eddies,  large  floes,  polynyas,  and  inter¬ 
nal  waves.  The  second  step  was  to  segment  ice 
covered  regions  into  areas  with  the  same  signa¬ 
ture,  that  is  the  same  perceived  overall  tone 
and  texture.  In  general,  each  area  or  class 
appears  to  be  associated  with  a  different  combi¬ 
nation  of  ice  concentration  and  floe  size  distri¬ 
bution  which  is  responsible  for  the  perceived 
texture.  The  number  of  classes  so  defined  ranged 
from  3,  as  in  the  5  July  interpretation,  to  7. 

Step  three  was  to  quantify  ice  concentration  and 
median  floe  size  associated  with  each  class.  To 
do  this,  representative  subareas  for  each  class 
were  selected  from  the  mosaic  and  located  on  the 
image  strips  from  the  real-time  processor.  Floe 
boundaries  for  all  floes  within  each  subarea  were 
then  transferred  to  clear  acetate  for  digitiza¬ 
tion.  Digitizing  was  done  on  a  DIGI-PAD  5  digi¬ 
tizer  interfaced  to  a  Z-100  micro-computer.  A 
software  package  for  the  digitizer,  developed  at 
ERIM,  converts  the  image  into  an  array  of  carte¬ 
sian  coordinates  and  stores  the  information  on 
floppy  disk.  Once  on  disk,  the  data  are  manipu¬ 
lated  to  obtain  area,  perimeter,  and  diameter  of 
each  floe  and  total  ice  concentration  of  the 
subarea. 

Values  of  ice  concentration  and  floe  size  ob¬ 
tained  in  this  way  appear  in  the  interpretation 
key  (see  Figure  3).  The  accuracy  of  this  proce¬ 
dure  was  determined  by  repeating  it  on  coincident 
aerial  photographs  obtained  simul taneously  with 
SAR  data  on  30  June  by  the  CV-580.  Discrepancy 


Figure  4.  An  oblique  photograph  of  an  ice  eddy  observed  during  MIZEX  '84. 
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between  SAR-derived  and  aerial  photo  concentra¬ 
tion  estimates  was  at  most  5  percent  for  concen¬ 
trations  ranging  from  30  percent  to  80  percent. 
Correspondence  between  floe  sizes  measured  on 
SAR  imagery  and  aerial  photos  was  also  evaluated 
and  found  to  be  within  10  percent  on  average. 

A  more  automted  procedure  for  obtaining  total 
ice  concentration  estimates  from  digital  SAR  data 
has  been  recently  implemented  but  was  not  used 
in  the  manual  interpretations.  The  algorithm 
developed  is  similar  to  that  used  with  passive 
microwave  data  in  that  it  assumes  the  image  in¬ 
tensity  given  at  each  pixel  is  linearly  related 
to  the  ice  concentration  in  the  surface  area 
represented  by  that  pixel  (Figure  5).  However, 
unlike  its  application  to  the  relatively  low 
resolution  passive  microwave  data,  the  general 
mixed  pixel  relationship 


where  C  =  total  ice  concentration,  I  =  pixel  in¬ 
tensity,  I  ice  and  are  mean  intensity  values 

for  ice  and  water  in  the  image,  is  applied  not 
to  the  entire  range  of  the  SAR  image  intensities 
but  only  to  those  where  I^at  <  I  <  I  ice  •  This 
is  appropriate  not  only  because  of  the  higher, 
appoximately  3  m,  resolution  of  the  SAR  imagery, 
but  also  because  SAR  ice  backscatter  intensities 
have  a  wide  distribution  about  the  mean  due  to 
natural  variability  and  coherent  speckle.  At 
present,  Ii^at  an^  I jce  must  be  determined  manu¬ 
ally  with  the  aid  of  an  image  display  device, 
but  pattern  recognition  routines  are  being  inves¬ 
tigated  to  automate  this  step  also. 

This  algorithm  has  been  applied  to  image  data  of 
a  relatively  high  ice  concentration  (80-90  per¬ 
cent)  area  in  the  vicinity  of  the  MIZEX  84  drift 
station  and  to  imagery  of  a  low  concentration 
diffuse  ice  edge  area.  Both  areas  had  coinci¬ 
dent,  near  simultaneous  aerial  photography  cover¬ 
age.  Total  ice  concentration  estimates  derived 
from  the  digital  SAR  data  agreed  to  within  5  per¬ 
cent  with  those  derived  manually  (as  described 
above)  from  the  aerial  photography. 

The  high  resolution  SAR  also  provided  information 
on  gravity  waves.  Wind-generated  sea  and  swell 
gravity  waves  were  observed  on  both  the  X-  and 
L-band  SAR  MIZEX  data.  Figure  6  is  an  example 
of  gravity  waves  imaged  by  the  SAR  as  these  waves 
propagated  into  the  ice  pack.  Initial  examina¬ 
tion  of  the  data  set  indicates  the  wave  energy 
is  dissipated  quite  quickly  due  to  the  small  in¬ 
dividual  ice  floes  colliding  with  each  other. 

No  gravity  waves  were  observed  in  the  ice  by  the 
SAR  that  were  more  than  25  km  from  the  ice  edge. 

Internal  waves  located  both  in  ice  free  areas  of 
the  MI Z  and  within  the  pack  were  observed  by  the 
SAR.  The  open  water  internal  waves  are  observa¬ 
ble  due  to  surface  currrent  straining  of  the  SAR 
ocean  Bragg  wave^,  while  the  internal  waves 
within  the  ice  are  visible  via  the  same  mechanism 
as  the  eddies;  that  is,  differential  surface 


currents  cause  small  ice  floes  to  align 
themselves  to  the  surface  current  field. 

Ice  kinematics  also  were  studied  during  MIZEX 
using  satellite  located  buoys,  radar  transponders 
deployed  on  ice  floes  and  by  synthetic  aperture 
radar.  The  ERIM/CCRS  SAR  aircraft  produced 
images  of  the  ice  with  a  sufficiently  high  reso¬ 
lution  for  individual  ice  features  to  be 
recognized . 

A  SAR-derived  two-dimensional  vector  field  repre¬ 
senting  ice  movement  between  4  July  and  6  July 
1983  is  shown  in  Figure  7.  These  are  movements 
of  recognizable  ice  features  which  persisted  in 
their  shapes  during  the  two-day  interval.  Sixty- 
seven  ice  features  were  identified  and  their 
positions  measured  on  transparent  image  film  in 
a  slant-range  representation.  Algorithms  were 
implemented  to  convert  these  measurements  to 
actual  distance  on  the  scene,  to  convert  these 
in  turn  to  latitude-longitude  coordinates,  and 
to  plot  automatically  the  vector  field  of  ice 
movement.  The  feature  coordinates  on  the  two 
days  were  based  upon  the  flight  altitude,  the 
inertial  navigation  system  data,  and  the  location 
of  the  imaged  research  vessel,  which  was  fixed 
by  satellite  positioning.  Account  was  also  taken 
of  the  spherical  earth  geometry  in  which  the 
separate  N-S  flight  lines  making  up  the  data  are 
skewed  at  these  high  latitudes,  the  angle  between 
them  being  only  slightly  smaller  than  their  dif¬ 
ference  in  longitude. 

Examination  of  the  diagram  indicates  that  the 
area  was  subject  to  both  shear  and  deformation 
during  this  priod.  These  motions  are  consistent 
with  ARGOS  buoy  and  ship  displacements  shown  for 
comparison  in  the  figure.  The  sources  of  the 
observed  variation  in  ice  drift  in  the  area,  how¬ 
ever,  still  need  to  be  investigated  through  a 
careful  comparison  of  wind  and  current  data  with 
the  SAR  imagery. 

4.  SUMMARY  AND  RECOMMENDATIONS 

An  ensemble  of  satellite,  aircraft,  helicopter, 
ship,  and  surface-based  remote  sensors  were  util¬ 
ized  in  MIZEX  to  study  the  physical  characteris¬ 
tics  and  geophysical  processes  of  the  Fram  Strait 
Region  of  the  Greenland  Sea.  To  date,  the  sen¬ 
sors  that  have  proved  most  useful  for  Marginal 
Ice  Zone  (MIZ)  studies  include  the  NOAA-7/8  AVHRR 
and  NIMBUS-7  SMMR  satellite  sensors  and  the  ac¬ 
tive  SAR  and  passive  microwave  aircraft  systems. 
The  satellite  systems  provide  synoptic  coverage 
of  the  entire  Greenland  Sea  with  specific  details 
on  the  ice  edge  location,  and  in  the  case  of  SMMR 
additional  information  pertaining  to  ice  type 
and  concentration.  The  higher  resolution  AVHRR 
data  were  useful  in  providing  meteorology  as  well 
as  mapping  out  the  structure  of  ice  edge 
features . 

The  aircraft  data  provide  100-200  km  synoptic 
coverage  with  significantly  more  detailed  ice 
information  than  the  NOAA-7/8  and  NIMBUS-7  satel¬ 
lites.  The  aircraft  data  have  been  shown  useful 
in. providing  infomation  for  ice  edge  location, 
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Figure  7.  Vector  field  of  ice  movement 
derived  from  successive  SAR  images  indi¬ 
cated  deformation  and  shear  in  the  ice 
during  a  49  hour  interval  between  4  and 
6  July.  Motions  of  four  Argos  buoys  and 
Polarbjorn  are  also  shown. 


Figure  6.  Gravity  waves  propogating  into  the  ice  as  observed  by  SAR. 
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ice  type  identification,  detection  of  gravity 
waves  in  the  ice,  ice  morphology  as  a  function 
of  distance  from  the  ice  edge,  location  and  areal 
extent  of  melt  ponds,  ice  roughness,  ice  concen¬ 
tration,  ice  temperature,  and  ice  dynamics. 

Ocean  information  that  can  be  provided  by  the 
aircraft  remote  sensors  includes:  ocean  eddy 
and  frontal  mapping,  gravity  wave  measurements, 
synoptic  measurement  of  currents,  sea  surface 
temperature,  and  measurement  of  small-scale  ocean 
surface  roughness. 

The  ship  and  surface-based  measurements  were  ex¬ 
tremely  useful  in  validating  the  satellite  and 
aircraft  data  by  determining  the  physical  basis 
for  features  observed  by  the  remote  sensors,  as 
well  as  determining  optimum  active  and  passive 
microwave  sensor  system  parameters  for  future  MI Z 
data  collections.  The  focus  of  the  MIZEX  remote 
sensing  was  on  microwave  sensors  because  they 
permit  observation  of  the  MI Z  through  clouds, 
rain,  and  snow  independent  of  solar  illumination. 

The  analysis  to  date  has  not  addressed  the  cen¬ 
tral  question  of  the  ultimate  accuracy  with  which 
the  individual  remote  sensors  can  detect  MIZ 
characteristic  nor  has  the  analysis  intercompared 
the  active  and  passive  microwave  aircraft  sensor 
and  aerial  photography.  The  active  and  passive 
microwave  data  have  also  not  been  combined  to 
assess  whether  a  combination  active/passive 
approach  yields  more  detailed  and  accurate  MIZ 
characteristics. 

5.  ACKNOWLEDGEMENTS 

The  Marginal  Ice  Zone  Experiment  (MIZEX)  is  pri¬ 
marily  supported  by  the  Arctic  Program  Office  of 
the  Office  of  Naval  Research  (ONR).  The  ONR 
technical  monitors  for  MIZEX  are  Dr.  Leonard 
Johnson  and  Mr.  Charles  Luther.  The  Environ- 
r  „ i  Rese  ^ch  Institute  of  Michigan  (ERIM)  is 

upported  to  participate  in  MIZEX  under  ON  Con¬ 
tracts  N000-14-83-C-0404  and  N000-14-82-C-0063 . 
These  contracts  are  monitored  by  Mr.  Charles 
Luther. 

6.  REFERENCES 

1.  Wadhams  P  et  al ,  MIZEX,  A  Program  for  Meso- 
scale  Air-Ice-Ocean  Experiments  in  Arctic 
Marginal  Ice  Zones.  I.  Research  Strategy, 
CRREL  Special  Report  81-19,  1981,  20  pp. 

2.  Johannessen  0  M  et  al ,  MIZEX,  A  Program  for 
Mesoscale  Air-Ice-Ocean  Interaction  Experi¬ 
ments  in  Arctic  Marginal  Ice  Zones.  II.  A 
Science  Plan  for  a  Summer  Marginal  Ice  Zone 
Experiment  in  the  Fram  Strai t/Greenl and  Sea: 
1984,  CRREL  Special  Report  83-12,  1983,  47 
PP. 

3.  Gloersen  P  et  al ,  Variation  of  Ice  Morphol¬ 
ogy  of  Selected  Mesoscale  Test  Areas  During 
the  Bering  Sea  Experiment,  in  USSR/US  Bering 
Sea  Experiment:  Proceedings  of  the  Final 

Symposium  on  the  Results  of  the  Joint 

Sov  i  et-Amer  i  c an  Exped i t fori",'  Len  i n gr ad , 

12-17  May  1974,  K7~Ya.  KorTdratyev ,  Yu.  I. 


Rabinovich,  and  W.  Nordberg,  eds.,  1975, 
pp.  196-218. 

4.  Campbell  W  J  et  al,  Microwave  Remote  Sensing 
of  Sea  Ice  in  the  AIDJEX  Main  Experiment, 
Bound.  Layer  Meteor.,  13,  1978,  pp.  309-337. 

5.  NORSEX  Group,  The  Norwegian  Remote  Sensing 
Experiment  in  a  Marginal  Ice  Zone,  Science, 
220,  1983,  pp.  781-787. 

6.  Svendsen  E  et  al ,  NORSEX  II:  Evaluation  of 
the  Nimbus  7  Scanning  Mul ti frequency 
Microwave  Radiometer  for  Sea  Ice  Research, 

J.  Geophys.  Res.,  88,  1983  pp.  2781-2792. 

7.  Gloersen  P  et  al,  Time-Dependence  of  Sea 
Ice  Concentration  and  Multiyear  Ice  Fraction 
in  the  Arctic  Basin,  Boundary-Layer 

Meteor ol Vol.  13,  1978,  pp.  339-360. 

8.  Campbell  W  J  et  al ,  Aspects  of  Arctic  Sea 
Ice  Observable  by  Sequential  Passive  Micro- 
wave  Observations  from  the  Nimbus-5  Satel¬ 
lite,  in  Arctic  Technoogy  and  Policy:  An 
Assessment  and  Review  for  the  Next  Decade, 
Hemisphere  Publishing  Corp.,  Cambridge, 
Mass.,  1983,  pp.  197-222. 

9.  Gloersen  P  et  al,  A  Summary  of  Results  from 

the  First  Nimbus-7  SMMR  Observatins,  sub¬ 
mitted  to  J.  Geophys.  Res.,  89,  1984,  pp. 
5335-5344.  ~ 

10.  Cavalieri  D  J  et  al ,  Determination  of  Sea 

Ice  Parameters  with  the  Nimbus-7  SMMR,  sub¬ 
mitted  to  0.  Geophy.  Res.,  89,  1984,  pp. 
5355-5369.  ~ 

11.  Zwally  H  J  et  al ,  Antartic  Sea  Ice  Cover 
1973-1976  from  Satel 1 ite  Passive  Microwave 
Observations,  NASA  SP -459 ,  1983. 

12.  Carsey  F  D,  Summer  Arctic  Sea  Ice  Character 
from  Satellite  Microwave  Data,  J.  Geophys. 
Res.,  90,  1985,  pp.  5015-5034. 


13.  Luther  C  A  et  al ,  Synthetic  Aperture  Radar 
Studies  of  Sea  Ice,  International  Geoscience 
and  Remote  Sensing  Symposium  Digest,  Munich, 
Germany,  1982  pp.  TA-8,  1.1-1. 9. 

14.  Vinje,  Sea  Conditions  in  the  European  Sector 

of  the  Marginal  Seas  of  the  Arctic,  1966-75, 
Norsk  Polarinsti tutt  Arbok  1975,  1977,  pp. 
T63-174. - 

15.  Wadhams  P  and  V  A  Squire,  An  Ice-Water 
Vortex  at  the  Edge  of  the  East  Greenland 
Current,  J.  Geophys.  Res.,  88,  1983, 

pp.  2770 -27W.  ~ 

16.  Alpers  W,  Theory  of  Radar  Imaging  of  Inter¬ 
nal  Waves,  Nature,  314,  1985,  pp.  245-247. 


189 


SOME  RESULTS  OF  THE  MIZEX  WEST  ICE  OBSERVATION  PROGRAM 


Robin  D.  Muench*,  Donald  J.  Cavalieri** 
and  Gilbert  R.  Stegen* 


*SAIC,  13400B  Northup  Way,  Bellevue,  WA  98005 
**NASA/GSFC,  Greenbel t,  MD  20771 


ABSTRACT 

The  Bering  Sea  Marginal  Ice  Zone  Experiment 
(MIZEX  West)  obtained  extensive  field  observations 
of  atmospheric,  sea  ice  and  oceanographic  condi¬ 
tions  over  the  central  Bering  Sea  shelf.  The  re¬ 
mote  sensing  portion  of  this  experiment  compared 
satellite,  aircraft  and  surface  sea  ice  data  in 
order  to  evaluate  the  remote  sensing  methods  used 
and  to  provide  real-time  ice  monitoring  capabil¬ 
ity.  The  results  verified  that  AVHRR  data  are  use¬ 
ful  for  determining  sea  ice  concentration  and  floe 
drift  trajectories  during  clear  weather  periods. 
Satellite  SMMR  data  were  demonstrated  to  correctly 
locate  ice  edge  position  and  areas  of  low  ice  con¬ 
centration  under  all  weather  conditions.  In  addi¬ 
tion,  it  was  found  that  dual -pol arized  SMMR  radi¬ 
ances  can  differentiate  among  new,  young  and 
first-year  ice  and  can  correct  ice  concentration 
biases  in  regions  of  thin  ice  cover.  Combined 
AVHRR  and  SMMR  data  can  provide  excellent  quality 
information  on  ice  distribution  and  motion. 


1.  INTRODUCTION 
1.1  The  MIZEX  West  Program 

MIZEX  West  was  an  integrated,  interdisci¬ 
plinary  program  which  simultaneously  observed 
winter  atmospheric,  sea  ice  and  oceanographic 
processes  in  the  central  Bering  Sea  Marginal  Ice 
Zone  (MIZ).  A  summary  program  description  has  been 
provided  by  the  MIZEX  West  Study  Group  (1),  and 
in-depth  descriptions  of  selected  aspects  of  the 
program  have  been  presented  in  Volume  VI  of  the 
MIZEX  Bulletin  (2)  as  well  as  in  various  scien¬ 
tific  publications.  Meteorological  studies 
addressed  transfer  of  wind  stress  through  an  ice 
cover  and  development  of  the  atmospheric  boundary 
layer  at  an  ice  edge.  Sea  ice  studies  examined  the 
dynamic  processes  which  control  ice  movement,  floe 
interactions  and  melting.  Oceanographic  studies 
focused  on  the  frontal  structure  and  circulation 
associated  with  the  ice  edge.  Remote  sensing  data 
were  used  for  real-time  monitoring  of  sea  ice  con¬ 
ditions  during  the  experimental  program,  contrib¬ 
uted  to  our  knowledge  of  ice  character  and  dis¬ 
tribution,  and  allowed  for  evaluation  of  the 
remote  sensing  methods  used. 

MIZEX  West  took  place  along  the  centr 


Bering  Sea  MIZ  in  the  vicinity  of  and  north  of  St. 
Matthew  Island  (Figure  1)  on  5-27  February  1983 
when  the  ice  was  at  its  maximum  extent.  Field 
observations  were  obtained  using  two  surface 
vessels,  two  aircraft  and  recording  current/ 
temperature/conductivity  instruments  which  were 
deployed  on  moorings  in  the  study  area  through  the 
winter.  These  field  data  were  supplemented  by 
satellite  imagery  which  provided  data  on  larger- 
scale  sea  ice  characteristics,  distribution  and 
motion.  Both  vessels,  the  U.S.  Coast  Guard 
Icebreaker  WESTWIND  and  the  NOAA  Ship  DISCOVERER, 
were  equipped  with  instrumentation  for  measuring 
oceanic  temperature  and  salinity  and  for  making 
meteorological  observations.  Sea  ice  observations 
were  made  visually  from  these  vessels  and  through 
in  situ  sampling  of  the  floes  by  personnel  de¬ 
ployed  on  the  ice.  Ice  drift  was  measured  using 
satellite-tracked  (Argos)  and  radar-tracked  buoys 
which  were  deployed  on  the  ice  from  the  vessels  or 
from  helicopters  based  on  the  icebreaker. 


Figure  1.  Geographical  location  of  the  MIZEX  West 
study  region  (closed  polygon). 

The  aircraft  were  equipped  to  measure  meteor¬ 
ological  and  sea  ice  parameters.  Specifically, 
the  NOAA  WP-3D  Research  Aircraft  measured  atmo¬ 
spheric  turbulence  and  used  a  side-looking  air 
radar  (SLAR),  laser  profilometer  and  cameras  to 


observe  ice  distribution  and  properties.  The  NASA 
CV-990  Airborne  Laboratory  used  passive  microwave 
radiometers,  an  infrared  radiometer,  two  carto- 
#  graphic  cameras  and  a  version  of  the  radar  altim¬ 

eter  planned  for  the  ERS  satellite  to  observe  the 
ice. 


Visible  and  infrared  AVHRR  data  from  the  NOAA 
satellites  were  used  to  determine  ice  distribution 
and  to  estimate  ice  types  during  the  experiment 
when  no  clouds  were  present.  These  data  were  used 
to  track  individual  ice  floes  during  cloud-free 
periods,  hence,  to  provide  information  on  regional 
ice  motion.  Passive  microwave  data  from  the  scan¬ 
ning  multichannel  microwave  radiometer  (SMMR)  on 
the  Nimbus  7  satellite  were  used  to  determine  ice 
distribution  and  type  during  both  cloud-free  and 
cloudy  periods. 


1.2  The  Study  Region 

The  Bering  Sea  ice  cover  varies  seasonally 
from  none  between  late  June  and  November  to  more 
than  80%  of  the  shelf  at  the  time  of  maximum 
coverage  which  typically  occurs  in  February-March . 
The  ice  is  almost  entirely  first-year  with  thick¬ 
nesses  of  0. 5-2.0  m  (3,  4).  Most  of  this  ice  is 
formed  along  leeward  (south-facing)  coasts  on  the 
northern  shelf,  is  wind-driven  toward  the  south  by 
the  prevailing  north-northeasterly  winter  winds, 
then  melts  along  the  ice  edge  (4,  5).  The  pattern 
of  southward  motion  is  interrupted  at  frequent 
intervals  by  cyclones  which  propagate  through  the 
region  (6). 

Water  circulation  on  the  Bering  shelf  is 
dominated  by  a  mean  northward  volume  transport 
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Figure  3.  Ice  concentration  contours  for  10  February  1983  derived  from 
the  Nimbus  7  SMMR  (a)  and  mosaic  constructed  using  data  acquired  by  the 
NASA  CV-990  Airborne  Laboratory  (b).  Straight  lines  (middle  of  3a)  in¬ 
dicate  locations  of  flight  tracks  used  in  constructing  3b. 


through  the  Bering  Strait  to  the  Arctic  Ocean. 
This  flow  is  driven  by  regional  sealevel  dif¬ 
ferences  and  persists  through  the  year  (7,  8,  9). 
In  winter,  the  central  Bering  shelf  is  dominated 
by  a  temperature-salinity  front  which  coincides 
approximately  with  the  ice  edge  and  has  an  asso¬ 
ciated  northwestward  current  (10).  The  ice  edge 
location  is  maintained  through  the  mid-winter 


period  of  maximum  ice  extent  by  a  balance  between 
southward  advection  of  ice  toward  the  edge  by  the 
prevailing  north-northeast  winds  and  melting  at 
the  edge.  The  heat  needed  to  melt  ice  at  the  edge 
is  provided  almost  entirely  by  the  regional  north¬ 
ward  transport  of  relatively  warm  water  from  the 
oceanic  regions  farther  to  the  south  (10). 
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1.3  The  Bering  Sea  As  A  Natural  Sea  Ice  Laboratory 

The  Bering  Sea  ice  cover  can  be  characteri zed 
as  a  uconveyor-belt"  with  ice  forming  in  the 
north,  being  advected  toward  the  south  and  melting 
along  the  edge.  During  the  advective  phase,  the 
ice  is  subjected  to  compressive  forces  leading  to 
ridging  and  rafting.  Thickening  also  occurs  during 
this  advective  phase  due  to  freezing  from  below. 
As  the  ice  nears  the  edge,  the  larger  floes  are 
fractured  by  swell  which  propagates  beneath  the 
ice  from  the  stormy  ice-free  ocean  areas  to  the 
south.  The  individual  floes  become  progressively 
smaller  nearer  the  edge,  as  wave  action  becomes 
more  energetic.  At  the  edge,  the  highly  fractured 
floes  become  divergent  under  the  influence  of 
winds  and  currents  and  move  rapidly  into  warmer 
water  seaward  of  the  edge  where  they  melt. 

The  ice  moves  southward  quite  rapidly  (speeds 
exceeding  0.5  m/s  were  not  unusual  during  the 
MIZEX  West  program),  consequently,  over  a  2-3  week 
period  a  specified  ice  floe  might  make  the  com¬ 
plete  transition  from  formation  in  the  north 
through  melting  at  the  edge,  all  the  while  under¬ 
going  deformation  and  accretion.  It  is  therefore 
possible,  on  the  Bering  shelf,  to  observe  a  wide 
variety  of  stages  of  ice  development  within  a 
jTelatively  short  time  frame  and  over  distances 
spanning  a  few  hundred  kilometers.  The  remainder 
of  this  paper  briefly  describes  some  of  the  remote 
and  lH  si tu  sea  ice  observations  which  were  made 
during  the  MIZEX  West  program  and  discusses  these 
within  a  remote  sensing  context. 

2.  RESULTS 


2.1  Satellite  and  Aircraft  Data 


existence  of  the  polynya  labelled  "P"  on  the  SMMR 
ice  contour  plot  (Figure  3a).  Finally,  satellite 
data  have  been  available  since  the  early  1970’s, 
hence,  there  is  a  historical  base  of  internally 
compatible  data  for  construction  of  time  series 
and  detection  of  interannual  trends.  For  these 
reasons,  this  paper  focuses  upon  the  use  of  satel¬ 
lite  data  within  the  context  of  sea  ice  studies. 

2.2  AVHRR  Imagery 

Both  visible  and  infrared  (IR)  AVHRR  imagery 
from  the  NOAA  satellites  were  used  to  determine 
ice  distribution  and  motion  in  the  MIZEX  West 
study  region  during  the  experiment.  An  example  of 
this  imagery  is  provided  in  Figure  2.  Because 
daylight  hours  were  short,  the  IR  data  were  of 
more  use  than  the  visible,  particularly  since  the 
thermal  signature  separating  sea  ice  from  open 
water  is  clearly  evident  on  the  IR  imagery.  The 
approximately  1  km  resolution  of  the  imagery  was 
adequate  to  accurately  determine  the  ice  edge 
location  and  to  pinpoint  areas  of  ice  divergence 
(signified  by  a  preponderance  of  open  leads).  The 
satellite  imagery  indicated,  for  example,  a  region 
of  low  ice  concentration  south-southwest  of  St. 
Matthew  Island.  This  feature,  which  was  a  reflec¬ 
tion  of  southwesterly  advection  of  ice  past  the 
island,  was  corroborated  by  i_n_  situ  observation 
and  was  of  significant  operational  use  to  the 
vessel  which  was  operating  along  the  ice  edge. 
The  AVHRR  data  were  used,  when  weather  conditions 
permitted,  in  conjunction  with  aircraft,  shipboard 
and  satellite  SMMR  (see  below)  observations,  dur¬ 
ing  the  experiment  to  prepare  charts  showing  the 
ice  distribution.  These  charts  were  somewhat  more 
detailed  than  those  routinely  provided  by  the 
Navy-NOAA  Joint  Ice  Center. 


The  MIZEX  West  remote  sensing  program  was 
designed  to  provide  coordinated  observations  from 
surface-based,  airborne  and  space-borne  sensors 
for  the  purpose  of  providing  for  the  first  time  a 
comprehensive  study  of  the  Bering  Sea  ice  cover. 
The  aircraft  data  provided  a  degree  of  detail 
impossible  to  duplicate  with  the  satellite  data 
and  yielded  areal  coverage  far  greater  than  could 
be  obtained  from  the  surface  vessels.  The  satel¬ 
lite  sensors  however  were  able  to  provide  nearly 
instantaneous  data  over  a  much  larger  region.  For 
instance,  the  NOAA  AVHRR  covers  the  entire  Bering 
Sea  shelf  in  a  single  overpass  (see  for  example 
Figure  2),  and  the  Nimbus  7  SMMR  covers  almost  the 
entire  region  on  a  single  pass,  but  more  impor¬ 
tantly  provides  ice  concentration  information  even 
under  cloudy  conditions.  Figure  3a,  for  example, 
shows  ice  concentration  contours  derived  from  the 
SMMR  using  a  single  pass  over  the  Bering  Sea  on 
February  10,  a  day  with  heavy  cloud  cover  resul¬ 
ting  from  a  storm  in  the  southern  Bering  Sea.  The 
position  of  the  WESTWIND  is  indicated,  as  is  the 
location  of  a  large  polynya  within  the  MIZ.  The 
four  parallel  lines  crossing  the  ice  edge  indicate 
the  NASA  aircraft  flight  tracks  during  the  time  of 
the  SMMR  overpass.  Figure  3b  shows  a  mosaic  image 
made  with  the  92  GHz  imaging  radiometer  on  the 
NASA  CV-990  for  the  flight  tracks  shown  in  Figure 
3a.  In  addition  to  detailed  information  on  the 
structure  of  the  MIZ,  the  mosaic  also  confirms  the 


The  1  km  resolution  of  the  AVHRR  data  allowed 
identification,  from  day-to-day  during  clear 
weather  periods,  of  individual  ice  floes.  These 
could  then  be  tracked  over  a  period  of  time  to 
provide  individual  floe  trajectories.  An  example 
of  a  plot  of  such  trajectories  is  shown  in  Figure 
4;  these  compare  favorably  with  those  of  the  Argos 
buoys  which  were  deployed  on  individual  ice  floes 
(1).  The  trajectories  plotted  using  individual 
floes  identified  with  satellite  data  are  in  gen¬ 
eral  of  shorter  duration  than  those  obtainable 
with  buoys,  because  clouds  truncate  the  satellite- 
derived  time  series.  The  satellite  data  allow, 
however,  construction  of  a  field  of  ice  motion  for 
the  entire  shelf.  This  information  is  invaluable 
when  used  within  the  context  of,  for  example,  a 
numerical  model  of  ice  motion. 

2.3  Scanning  Multichannel  Microwave  Radiometer 
(SMMR)  Data 

Passive  microwave  instruments  have  the 
ability  to  provide  useful  sea  ice  observations 
both  through  darkness  and  cloud  cover.  The 
utility  of  microwave  sensors  derives  from  the 
contrast  in  thermal  microwave  emission  between 
areas  of  ice-free  ocean  and  ice-covered  waters. 
Further,  the  microwave  brightness  temperature  maps 
do  not  have  to  be  subjectively  analyzed,  but  lend 
themselves  to  objective  computer  analysis.  Lastly, 
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Figure  4.  Ice  floe  trajectories  for  19-22  February  1983  de¬ 
rived  from  the  NOAA  satellite  AVHRR  imagery  (courtesy  of  C.H. 
Pease,  PMEL/NOAA) . 
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Figure  5.  Sequential  ice  edge  locations,  indicated  by  date  during  February 
1983,  derived  usiing  Nimbus  SMMR  data. 
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although  the  satellite  passive  microwave  sensors 
are  currently  limited  to  a  spatial  resolution  of 
about  30  km,  they  do  provide  an  integrated  measure 
of  ice  concentration  or  open  water  amount  without 
having  to  resolve  small  floes  or  polynyas.  For 
these  reasons,  they  are  in  many  ways  more  useful 
than  the  AVHRR  data  which  are  limited  by  cloud 
cover,  available  daylight  for  the  visible  bands, 
and  require  visual  interpretation.  Conversely, 
their  poor  resolution  when  compared  to  the  AVHRR 
data  limit  their  use  to  identifying  larger-scale 
features. 

Data  from  the  scanning  multichannel  microwave 
radiometer  (SMMR)  aboard  the  Nimbus  7  satellite 
were  used  in  conjunction  with  AVHRR  and  i_n  situ 
data  to  determine  ice  distribution  during  MIZEX 
•  West.  The  SMMR  data  were  invaluable,  in  partic¬ 
ular,  for  filling  in  data  gaps  when  cloud  cover 
jwas  present.  For  example,  Figure  5  shows  the 
ice-edge  position  for  selected  days  during  the  ex¬ 
periment  period  regardless  of  weather  conditions. 


Although  current  SMMR  algorithms  locate 
correctly  the  ice  edge  and  the  regions  of  low  ice 
concentration  associated  with  lee-shore  polynyas 
in  the  Bering  Sea  (11),  a  significant  fraction  of 
the  concentration  gradients  within  the  interior 
pack  results  from  spatial  variations  of  thin  ice 
types.  This  problem  is  particularly  serious  in  the 
Bering  Sea  MIZ  which  is  characteri zed  by  rapid  ice 
growth  creating  large  areas  of  new  and  young  ice. 
Figure  6  shows,  for  example,  ice  concentration 
contours  derived  from  SMMR  observations  as  well  as 
the  distribution  of  the  dominant  ice  types  based 
on  visual  observations  made  from  the  NASA  air¬ 
craft.  A  comparison  of  the  computed  SMMR  ice  con¬ 
centrations  with  the  visual  observations  of  ice 
type  shows  that  there  is  an  association  between 
ice  type  and  ice  concentration.  For  example,  areas 
of  85%  or  greater  ice  concentration  are  associated 
with  first-year  thin  or  medium  ice  cover;  65%-85% 
concentrations  are  associated  with  young  ice;  and 
concentrations  of  less  than  55%  reflect  new  ice. 
Part  of  this  association,  of  course,  is  real,  but 


FEBRUARY  19, 1983 


1  0OD 


Figure 


178° 


174° 


172° 


6.  Chart  derived  from  Nimbus 


170°  168° 

I  S 

7  SMMR  data  and 
195 


166° 
showi ng 


164° 


162° 


160° 


ice  concentration  and  type. 


a  significant  portion  is  in  error  as  indicated  by 
the  visual  ice  concentration  estimates  made  from 
the  aircraft.  This  bias  toward  low  ice  concentra¬ 
tion  results  from  the  use  of  hori zontal ly-pol ar- 
ized  SMMR  radiances  in  computing  ice  concentra¬ 
tions  in  areas  of  young  and  new  ice  and  has  been 
noted  previously  (11),  In  sharp  contrast,  SMMR  ice 
concentrations  in  regions  of  medium  and  thick 
first-year  ice  agree  to  within  5%  of  ice  concen¬ 
tration  observations  from  the  USCG  WESTWIND  (12). 


Figure  7.  Graph  illustrating  the  relationship 
between  polarization  at  two  frequencies  and  ice 
type  (see  text  for  details). 


A  key  result  from  the  analysis  of  the  coinci¬ 
dent  NASA  aircraft.  Nimbus  7  SMMR,  and  surface- 
based  data  set  was  that  the  sensitivity  of  the 
horizontally-polarized  microwave  radiances  to  the 
variation  of  ice  type  may  be  used  to  discriminate 
among  new,  young,  and  first-year  sea  ice.  Figure  7 
illustrates  the  variation  between  the  polarization 
(defined  by  (TBV-TBH )/ (TBV+TBH) )  at  both  18  and  37 
GHz  with  ice  type  and  open  water  based  on  the  NASA 
CV-990  aircraft  radiometric  data.  Data  obtained 
from  surface  radiometric  measurements  are  also 
shown  for  comparison  (13).  The  first-year  ice 
sample  corresponds  to  snow-covered  thick  ice,  the 
young  ice  sample  to  snow-free  grey  ice,  and  new 
ice  to  areas  of  frazil  and  grease  ice  in  the 
polynya  south  of  St.  Matthew  Island.  The  agree¬ 
ment  between  the  CV-990  and  surface  measurements 
for  both  the  open  ocean  and  thick  ice  samples 
demonstrates  some  consistency  in  the  absolute  cal¬ 
ibration  of  the  radiometers  and  more  importantly 
confirms  the  observation  that  the  radiometric 
properties  of  the  ice  types  were  spatially  homo¬ 
geneous  (13).  This  latter  result  is  particularly 
encouraging  for  the  development  of  algorithms  for 
mapping  the  distribution  of  thin  ice  from  passive 
microwave  satellite  data. 


3.  CONCLUSIONS 

The  MIZEX  West  program  obtained  a  large 
coordinated  set  of  remote  sensed  sea  ice  data,  and 
also  acquired  valuable  i_n  situ  sea  ice  data  for 
comparison  with  the  remote  data.  Results  of  com¬ 
parisons  between  these  two  data  sets  indicate 
that : 

o  AVHRR  satellite  data  are  useful  for  deter¬ 
mining  sea  ice  concentration  and  floe  tra¬ 
jectories  during  periods  of  cloud-free 
weather. 

o  Satellite  SMMR  data  correctly  locate  ice-edge 
positions  and  regions  of  low  ice  concentra¬ 
tion  associated  with  lee-shore  polynyas  even 
under  adverse  weather  conditions. 

o  Dual -polarized  SMMR  radiances  can  be  used  to 
differentiate  among  new,  young  and  first-year 
ice  types  and  to  correct  ice  concentration 
biases  in  regions  of  thin  ice  cover. 

o  A  combination  of  high  resolution  AVHRR  data 
and  SMMR  data  having  a  lower  resolution  can 
provide  excellent  information  on  the  field  of 
ice  distribution  and  motion,  as  determined 
through  comparison  between  the  in  situ  and 
remote  sensed  sea  ice  data  obtained  during 
MIZEX  West. 
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ABSTRACT 

It  has  been  shown  that  significant  relationships 
exist  between  dominant  modes  of  forcing  atmo¬ 
spheric  and  responding  sea  ice  coverage  variabili¬ 
ty.  The  tracks  of  synoptic  scale  storms  are  fre¬ 
quently  used  to  depict  atmospheric  variability. 
These  storm  tracks  are  known  to  be  determined  by 
the  larger  scale  long-wave  patterns  of  the  atmo¬ 
sphere  . 

The  500  mb  SL  patterns,  routinely  produced  by 
Fleet  Numerical  Oceanography  Center,  Monterey,  CA 
represent  the  centers  of  the  long-wave  circulation 
pattern  at  the  raid-tropospheric  level.  A  unique 
data  base  of  500  mb  SL  data,  generated  by  SAIC,  is 
used  for  correlation  studies  with  the  monthly  and 
seasonal  Bering  Sea  ice  coverage  extent.  The 
results  of  xhe  study  suggest  potential  prediction 
skill  for  periods  of  several  months. 


INTRODUCTION 

A  number  of  studies  have  been  made  in  the  recent 
years  that  relate  Arctic  region  sea  ice  conditions 
and  large-scale  atmospheric  patterns.  Walsh  and 
Johnson  (1979)  provide  a  bibliography  of  authors, 
through  the  late  1970's,  who  have  described  inter¬ 
annual  sea  ice  fluctuations  on  the  order  of  hun¬ 
dreds  of  kilometers  in  high-latitude  seas  sur¬ 
rounding  the  Arctic  Ocean.  They  show  year-to-year 
ice  extent  fluctuations  exceeding  5  degrees  lati¬ 
tude  on  nearly  all  seas  surrounding  the  Arctic 
Ocean  during  the  years  1953-1977.  However,  they 
found  the  largest  deviations  from  monthly  mean 
areal  exent  of  sea  ice  on  the  Bering  shelf  along 
170°W,  as  compared  with  other  high-latitude  seas. 
In  a  later  study  Walsh  and  Sater  (1981)  found  sig¬ 
nificant  lag  correlations  of  sea  ice  fluctuations 
with  atmospheric  forcing  over  anticedent  periods 
of  3-4  months  in  the  Bering  Sea,  and  as  much  as  9 
months  in  the  northern  Alaskan  waters. 
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The  interannual  variability  of  the  Bering  Sea  ice 
extent  has  been  shown  to  be  highly  correlated  with 
variations  of  seasonal  storm  tracks  (Overland  and 
Pease,  1982).  They  concluded  that,  "On  the  basis 
of  the  high  correlation  between  ice  extent  and 
storm  track  location,  that  meteorological  steering 
of  cylones  determined  primarily  external  to  the 
Bering  Sea  (Walker  and  Bliss,  1932;  Rogers,  1981), 
is  the  primary  factor  in  determining  interannual 
variability  of  sea  ice  extent".  These  studies 
generally  establish  the  relationship  between 
interannual  variations  in  regional  sea  ice  extent, 
cyclone  storm  tracks,  and  large-scale  circulation 
patterns . 

Large  scale  atmospheric  climate  oscillations,  on 
a  regional  or  hemispheric  spatial  scale  and  a 
temporal  scale  of  several  years,  are  known  to 
exist.  Wallace  and  Gutzler  (1981)  describe  the 
Pacific/North  American  (PNA)  pattern  and  its  in¬ 
fluences  on  the  hemispheric  circulation.  Rogers 
(1984)  discusses  the  North  Atlantic  Oscillation 
(NAO)  and  the  Southern  Oscillation  (SO)  and  their 
association  with  northern  hemisphere  mean  circula¬ 
tions  at  the  surface  and  500  mb.  The  variations 
in  these  climatic  oscillations  influence  the 
interannual  changes  in  the  synoptic  scale  storm 
tracks  . 

A  general  theme  is  found  in  the  literature  on 
Arctic  ice  conditions  and  atmospheric  forcing  that 
says  in  general:  Large  scale  ice  variations 
respond  to  large  scale  atmospheric  forcing,  the 
large  scale  ice  variations  lag  the  large  atmo¬ 
spheric  variations,  and  the  cold  season  atmospher¬ 
ic  variations  have  the  strongest  persistence,  how¬ 
ever,  the  local  ice  variations  in  summer  reflect 
small  scale  local  wind  and  temperature  vari¬ 
ations  . 

This  paper  addresses  an  approach  to  explaining  the 
variations  in  the  Bering  Sea  ice  coverage  through 
correlations  with  the  'large-scale  atmospheric  cir¬ 
culation  patterns.  The  development  and  utiliza¬ 
tion  of  a  unique  data  base  developed  by  this 
author  under  Science  Applications  International 
Corporation  (SAIC)  Independent  Research  and 
Development  (IR&D)  funding  is  discussed  in  the 
Data  section.  A  following  section  on  Procedures 
and  Results  illustrates  the  methodology  developed 
during  the  IR&D  work  and  some  findings  relative  to 
the  Bering  Sea.  A  final  section,  Future  Applica¬ 
tions  addresses  the  long-range  forecasting  poten¬ 
tial  of  this  approach  with  emphasis  on  direct 
applications  to  existing  Navy  arctic  ice  condition 
{ forecasts  . 


DATA 


The  approach  presented  in  this  paper  is  designed 
to  correlate  the  center s-of-action  of  the  large- 
scale  atmospheric  circulation  pattern  with  an  in¬ 
dex  of  any  other  environmental  parameter,  in  this 
case,  the  extent  of  annual  Bering  Sea  ice  cover¬ 
age.  During  the  IR&D  project  addressed  earlier  a 
32  year  data  base  of  the  "SL"  centers  of  action 
was  developed.  The  "SL"  field  is  routinely  pro¬ 
duced  at  the  Fleet  Numerical  Oceanography  Center 
(FNOC),  Monterey,  California  by  a  pattern  separa¬ 
tion  program. 

The  pattern  separation  program  decomposes  a  two- 
dimensional  scalar  field  into  three  additive  range 
jof  scale  components.  The  500  mb  field  is  decom¬ 
posed  into  components  defined  as:  (1)  the  plane¬ 
tary  vortex  (SV);  (2)  the  large-scale  disturbances 
(SL);  and,  (3)  the  small-scale  disturbances  (SD). 
Mathematically,  the  three  components  can  be  ex¬ 
pressed  as:  z(500)  «  SD(500)  +  SL(500)  +SV(500) 

The  pattern  separation  program  has  been  a  part  ot 
the  FNOC  operational  procedures  since  the  1960's. 
See  Holl  (1963)  for  a  complete  description  of  the 
pattern  separation  procedure. 

The  SAIC  large-scale  atmospheric  circulation  data 
base  contains  pertinent  information  on  the  SL 
centers  including:  type,  position,  intensity,  life 
duration,  and  movement.  The  SAIC  format  reduces 
the  original  daily  fields  of  about  4000  computer 
words  each,  to  about  40  words.  The  entire  32  year 
data  set,  representing  over  11,000  daily  analyses, 
can  be  interrogated  in  seconds  by  computer. 

The  ice  condition  data  set  (Table  1)  was  taken 
from  Overland  and  Pease  (1982).  It  represents  the 
average  February  and  March  ice  extent  in  the 
Bering  Sea  along  a  vector  extending  southwes tward 
from  the  Alaskan  coast  near  65°N  165°W  through  the 
center  of  the  Bering  Sea  to  near  55°N  178°W,  as 
shown  in  figure  1. 

PROCEDURES  AND  FINDINGS 


The  intent  of  this  paper  is  to  illustrate  that  the 
distribution  of  500  mb  SL  centers  over  the  Arctic 
region  is  closely  related  to  the  sea  ice  extent  of 
the  Bering  Sea.  The  approach  used  is  extracted 
from  a  more  generalized  procedure  developed  by 
SAIC  for  use  in  an  Applied  Statistical  and  Clima¬ 
tological  Ice  Model  (ASCIM). 

For  this  demonstration,  years  of  "heavy  and  light 
ice  extent"  as  described  by  Overland  and  Pease 
(1982)  were  used  to  condition  the  500  mb  SL  clima¬ 
tology.  The  distribution  of  500  mb  SL  high  pres¬ 
sure  centers  was  summarized  for  both  Februarys  and 
Marchs  of  the  five  heaviest  and  five  lightest  ice 
extent  years.  The  years  used  were  those  designat¬ 
ed  as  heavy  (1958,  61,  64,  76,  and  77)  and  light 
(1959,  66,  67,  78,  and  79)  by  Overland  and  Pease 
(1982)  and  as  indicated  in  Table  1.  Difference 
charts  between  the  two  extreme  summary  charts  were 
then  produced  to  aid  in  illustrating  the  varia¬ 
tions  of  SL  high  center  distribution  during  the 
contrasting  ice  extent  years. 


Fig.  1.  Section  along  which  maximum  ice  extents 
are  computed  and  range  of  five  minimum  and  maximum 
ice  extents  for  1958-80  relative  to  the  section, 
(from  Overland  and  Pease  1982) 


Table  1.  Average  February  and  March  ice  extent  in 
the  Bering  Sea  along  the  section  shown  in  Fig.  1. 
(after  Overland  and  Pease,  1982). 


Year 

February 

exlent 

(km)1 

March 

extent 

(km)1 

Confidence 
in  extent 
(km) 

Heavy  or 
light  icc 

1958 

930 

660 

±100 

H 

1959 

550 

670 

±100 

L 

1960 

700 

800 

±100 

1961 

960 

970 

±100 

H 

1962 

760 

770 

±200 

1963 

770 

810 

±100 

1964 

1030 

930 

±100 

H 

1965 

800 

800 

±100 

1966 

465 

540 

±100 

L 

1967 

660 

430 

±100 

L 

1968 

860 

720 

±100 

1969 

670 

770 

±50 

1970 

690 

800 

±50 

1971 

870 

870 

±50 

1972 

780 

890 

±30 

1973 

680 

870 

±30 

1974 

800 

790 

±30 

1975 

770 

790 

±30 

1976 

940 

910 

±30 

H 

1977 

890 

830 

±30 

H 

1978 

670 

750 

±30 

L 

1979 

560 

650 

±30 

L 

1980 

750 

780 

±30 

^February  x 

=  763.4,  S.D. 

*  141.9;  March 

774.1,  S.D. 

=  126,5  Maximum, 

,  either  month: 

812.2,  S.D.  =  114.5. 


The  results  are  illustrated  in  figures  2  through 
6.  Before  addressing  the  summary  and  difference 
charts,  figures  2  and  3  are  provided  for  orienta¬ 
tion  purposes.  The  vertical  and  horizontal  num¬ 
bered  scale  extending  from  the  lower  left  corner 
of  figure  2  represents  the  I,J  indices  of  the  FNOC 
63x63  grid.  The  north  pole  is  located  at  32,32 
and  is  indicated  by  a  circle  in  each  figure. 
Figure  2  represents  the  land/sea  table  of  the  FNOC 
63x63  northern  hemisphere  numerical  grid,  grid 
points  located  over  land  are  indicated  by  dots. 
The  north  pole  is  located  at  the  center  of  figure 
2,  North  America  is  in  the  lower  center  sector, 
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Applications  International  Corporation  500  mb  SL 
data  base.  The  data  base  includes  all  centers 
north  of  20°N.  The  North  Pole  is  located  at  grid 
point  32,32.  The  dots  represent  grid  points 
located  over  land.  The  boxed  portion  defines  the 
area  that  will  be  used  in  illustrated  cases  of 
varying  500  mb  SL  patterns  during  extreme  periods 
of  Bering  Sea  sea  ice  extent. 


Europe  to  the  right,  and  the  Pacific  Ocean  to  the 
left.  Figure  3  provides  a  landmass  outline  on  the 
same  projection  and  scale.  Only  the  area  within 
the  boxed  region  of  figures  2  and  3  will  be  shown 
.in  the  following  illustrative  cases. 
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3.  A  land  mass  outline  on  the  same  projec*- 
tion  and  scale  as  in  figure  2.  The  inter  box 
defines  the  area  that  will  be  used  to  illustrate 
♦  the  500  mb  SL  pattern  variations  during  periods  of 

extreme  Bering  Sea  sea  ice  extent. 
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Fig.  4.  February  Bering  Sea  heavy  ice  extent 
years  of  1958,  61,  64,  76  ,  and  77.  The  numbers 
represent  the  total  number  of  500  mb  SL  high 
centers  that  was  located  at  each  grid  point  during 
the  subject  period.  The  North  Pole  position  is 
indicated  by  the  circled  value/grid  points. 


The  distribution  of  500  mb  SL  high  centers,  sum- 
marized  for  the  five  Februarys  of  heavy  and  light 
Bering  Sea  ice  extent  years  are  shown  in  figures  4 
and  5  respectively.  During  the  heavy  ice  extent 
period  (figure  4)  the  SL  center  patterns  over  the 
Arctic  region  show  a  maximum  frequency  of  high 
centers  extending  westward  from  the  Bering  Straits 
towards  north  central  Siberia.  In  comparison,  the 
center  patterns  during  February  of  light  ice  years 
show  the  maximum  frequency  extends  southeastward 
from  the  central  Bering  Sea  to  southeastern 
Alaska . 

Interpreting  these  two  large-scale  center  distri¬ 
butions  relative  to  steering  pattern  indicates 
that  during  the  heavy  ice  extent  periods  there  is 
a  general  northerly  mid  tropospheric  flow  over  the 
Bering  Sea  and  a  reversal  to  southerly  flow  during 
light  ice  extent  periods.  These  are  the  patterns 
one  would  expect  during  the  contrasting  ice  extent 
conditions.  The  northerly  flow  during  heavy 
years,  plus  the  general  large  scale  high  pressure 
region  northwest  of  the  Bering  Sea,  forces  the 
migratory  cyclone  paths  (storm  track)  to  remain 
south  of  the  Bering  Sea  area  with  west  to  east 
zonal  movement,  and  pass  into  the  Gulf  of  Alaska 
region.  During  the  light  ice  extent  periods  the 
large-scale  high  pressure  over  Alaska  and  to  the 
southeast,  with  the  accompanying  southerly  flow 
over  the  Bering  Sea,  will  block  the  eastward  pro¬ 
gression  of  migratory  cyclones  and  steer  them 
northward  through  the  Bering  Sea  region.  These 
are  the  general  conditions  described  by  Overland 
and  Pease  (1982)  as  being  responsible  for  the 
variation  in  the  Bering  Sea  ice  extent. 


years  of  1959,  66  ,  67  ,  78,  and  79. 
labels  as  in  figure  4. 
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Difference  chart  of  500  mb  SL  high  centers 
:rs  during  heavy  years  minus  centers  during 
years).  The  values  are  the  difference  be- 
figure  4  minus  figure  5.  Positive  values 
t  dominant  distributions  during  Februarys  of 
ice  years  and  negative  values  represent  dom— 
during  Februarys  of  light  ice  years. 


Figure  6  is  a  simple  difference  chart  between 
figure  4  (heavy)  and  5  (light)  periods.  The  posi¬ 
tive  values  reflect  dominant  distribution  during 
heavy  years  and  negative  values  dominance  during 
light  years.  The  total  number  of  cases  involved 
were  nearly  equal  for  the  two  conditions  (1050 
heavy  and  1071  light)  so  the  differences  can  be 
used  with  some  confidence. 
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Similar  summaries  for  March  heavy  and  light  years 
(not  shown)  reflect  the  same  general  patterns. 
However,  the  light  year  pattern  of  high  centers 
over  the  Alaskan  area  is  the  more  dominant  fea¬ 
ture.  During  the  heavy  years  there  is  a  pref¬ 
erence  for  high  centers  at  higher  latitudes  over 
the  Arctic  Ocean.  These  March  patterns  could  be 
interpreted  as  indicating  that  the  normal  pattern 
is  for  generally  heavy  ice  conditions  to  exist  in 
March,  and  significant  variations  on  the  low  side 
occur  when  blocking  patterns  are  dominant  over  the 
Alaskan  region. 

Further  illustration  of  the  correlation  between 
the  500  mb  SL  high  center  distribution  and  Bering 
Sea  ice  extent  is  found  when  shorter  time  periods, 
during  which  large  ice  extent  fluctuations  occur, 
are  examined.  Figures  7  through  9  show  the  500  mb 
SL  high  center  distribution  for  half  month  periods 
during  February  and  the  first  half  of  March  for 
1973  .  This  corresponds  with  the  largest  ice 
extent  growth  (190  km)  between  February  and  March 
during  the  1958-1980  period  (Table  1),  During 
January  of  1973  there  were  no  SL  high  pressure 
centers  over  the  Bering  Sea  or  that  portion  of  the 
Arctic  Ocean  which  directly  influences  the  Bering 
Sea  ice  extent.  This  resulted  in  the  February  ice 
extent  being  relatively  light  (680  km  extent  ver¬ 
sus  an  average  of  763  km).  The  1-15  February  dis¬ 
tribution  (figure  7)  shows  evidence  of  SL  high 
center  activity  dominance  over  and  south  of 
Alaska,  a  non-growth  pattern.  Figure  8  displays 
the  16-28  February  1973  distribution  of  500  mb  SL 
high  centers.  Some  indication  of  a  shift  of  high 
centers  to  the  north  and  west  is  seen.  Figure  9 
illustrates  the  1-15  March  1973  summary  of  500  mb 
SL  high  centers  which  corresponds  with  the  period 
of  rapid  growth  of  the  Bering  Sea  ice  extent.  The 
centers  are  now  clustered  to  the  northwest  of  the 
Bering  Sea  and  would  be  interpreted  as  resulting 
in  a  northerly  flow  over  the  Bering  Sea  and  block¬ 
age  of  cyclonic  storms  into  that  area. 
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Fig.  7.  Distribution  of  500  mb  SL  high  centers 
for  1-15  February  1973.  Values  and  labels  as  in 
figure  2. 
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Fig.  8.  Distribution  of  500  mb  SL  high  centers 
for  16-28  Feb  1973.  Values  and  labels  as  in 
figure  2. 


Fig.  9.  Distribution  of  500  mb  SL  high  centers 
for  1-15  March  1973.  Values  and  labels  as  in 
figure  2. 


These  examples  have  been  used  to  illustrate  the 
use  of  the  SL  patterns  in  depicting  the  large- 
scale  atmospheric  steering  patterns  and  the  cor¬ 
relation  between  the  SL  high  center  distribution 
and  Bering  Sea  ice  extent.  In  earlier  work  with 
the  SAIC  500  mb  SL  center  data  base  other  very  in¬ 
teresting  characteristics  of  SL  center  variations 
on  annual,  seasonal,  and  monthly  time  scales  have 
been  noted.  A  few  of  these  characteristics,  and 
their  predictive  potential  are  addressed  in  the 
following  section. 


FUTURE  APPLICATIONS 
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Establishing  the  relationship  between  large-scale 
atmospheric  circulation  patterns,  as  depicted  by 
500  mb  SL  centers,  and  Bering  Sea  ice  extent  pat¬ 
terns  is  of  interest  from  the  standpoint  of  over¬ 
all  understanding  of  the  atmosphere-ocean-ice 
relationships.  It  does  not  in  itself  provide  any 
predictive  procedure.  However,  because  the  SL 
center  patterns  reflect  the  atmospheric  longwave 
circulation,  which  exhibits  both  large  spatial  and 
temporal  persistence  over  periods  of  1  to  2  weeks, 
some  promise  of  forecast  potential  on  similar  area 
and  time  scales  appears  to  exist.  Availability  of 
this  type  of  statistic  would  be  useful  in  support 
of  the  current  operational  weekly  ice  condition 
forecasts . 

Prior  SAIC  investigation  found  evidence  of  even 
longer  term  forecast  potential  through  analysis  of 
the  SL  center  data  base.  A  tendency  has  been 
noted  for  annual  variations  of  SL  center  distribu¬ 
tion  to  persist  for  several  months.  This  agrees 
with  the  findings  of  Walsh  and  Sater  (1981)  and 
others  who  have  noted  tendencies  for  large-scale 
atmospheric  anomalies  to  persist  for  months  at  a 
time  once  established.  The  variations  of  the  SL 
center  distribution  include  patterns  which  reflect 
such  general  circulation  features  as  strong  zonal 
flow,  enhanced  meridional  flow,  blocking  patterns, 
and  frequent  or  infrequent  SL  center  activity  in 
the  polar  region.  The  variations  tend  to  become 
established  during  the  fall/early  winter  and  per¬ 
sist  at  various  degrees  until  into  the  following 
spring/summer  period.  This  persistence  has  beem 
found  to  be  strongest  in  the  polar  and/or  tropical 
regions . 


The  ASCIM  approach  utilizes  this  persistence 
characteristic  of  the  SL  patterns.  It  has  been 
used  to  produce  probabilistic  forecasts  for  sea 
ice  conditions  both  within  the  Arctic  Ocean  and 
for  several  high  latitude  seas.  The  interannual 
variability  of  the  large-scale  circulation  pattern 
has  been  related  to  such  regional  fluctuations  as 
the  Pacific  North  American  pattern  (PNA) ,  the 
North  Atlantic  Oscillation  (NAO),  and  North 
Pacific  Ocean  SST  (Namias,  1982)  patterns.  On 
larger  scales  much  recent  interest  has  been  paid 
to  the  El  Nino  Southern  Oscillation  (ENSO)  pat¬ 
terns.  All  of  these  large-scale  forcing  patterns 
have  an  impact  on  the  general  circulation  and 
therefore  on  the  SL  pattern  signature.  Investiga¬ 
tion  of  the  SL  patterns  using  climatic  records 
that  are  conditioned  to  account  for  the  larger- 
scale  climatic  regimes  would  appear  to  be  a 
reasonable  next  step  in  refinement  of  the  ASCIM  or 
similar  models.  Additional  information  gained 
through  such  investigations  will  improve  the 
understanding  of  the  atmosphere-ocean-ice  rela¬ 
tionships  which  in  turn  should  result  in  predic¬ 
tion  potential  of  long-range  forecast  models. 
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INTRODUCTION 


Since  1962  Naval  Ocean  Research  and 
Development  Activity  (NORDA),  in  conjunction  with 
the  Naval  Oceanographic  Office  (NAYOCEANO),  has 
accumulated  a  substantial  archive  of  remotely 
sensed  (airborne)  data  in  Arctic  regions.  These 
data  show  ice  conditions  in  the  central  Arctic 
and  in  waters  adjoining  the  United  States, 

Canada,  Greenland,  Iceland,  and  Norway.  Most 
data  are  in  the  form  of  aerial  photographs  and 
laser  profiles,  though  limited  sequences  of 
infrared,  passive  microwave,  and  radar  images 
also  are  available. 

Individual  records  in  the  archive  have  been 
used  for  specific  projects,  but  the  data  set  has 
never  been  analysed  as  a  whole  for  the  synoptic 
information  it  contains.  Insofar  as  these  data 
depict  ice  conditions  over  a  wide  range  of 
geographic  regions  in  most  seasons  over  more  than 
twenty  years,  information  concerning  annual 
variation  in  ice  conditions  is  present  in  the 
NORDA-NAYOCEANO  data  archive. 

Our  objective  in  conducting  this  study  is  to 
reduce  aerial  photographic  data  in  the  archive  to 
a  form  in  which  it  can  be  used  to  study  regional 
and  seasonal  variation  in  ice  type,  thickness, 
and  concentration.  In  the  course  of  this  work  we 
have  developed  image  processor  programs  that 
measure  the  abundance  of  different  surface  types 
in  a  photograph  with  minimal  human  intervention. 
The  end  produce  is  an  environmental  data  base  of 
histograms,  one  for  each  photographic  frame  in 
the  archive.  Each  histogram  gives  the 
distribution  of  ice  types  and  the  percentage  of 
open  water  present  at  a  specific  time  and  place 
in  the  Arctic.  Extraction  of  this  information 
provides  baseline  data  that  will  benefit 
acoustic,  oceanographic,  and  meterologic  models 
of  the  Arctic  marine  environment. 

The  following  discussion  is  divided  into 
five  sections.  First,  we  present  the  basis  for 
inferring  ice  type  and  thickness  from  albedo. 

The  ice  classification  scheme  used  and  a 
description  of  surface  types  measured  in  the 
analysis  are  provided.  Second,  we  describe  the 
aerial  photographic  archive  and  discuss  the 
method  by  which  data  are  screened  and  selected 
for  inclusion  in  the  data  base.  Third,  we 
discuss  the  hardware  and  software  system  used  to 
reduce  the  data  and  the  processing  sequence 
followed  for  each  frame.  Fourth,  we  present  the 
format  in  which  reduced  data  are  stored  and 
describe  rudimentary  programs  developed  to  access 


the  data  base.  Fifth,  we  discuss  briefly 
possible  applications  both  for  the  data  reduced 
here  and  for  the  NORDA-NAYOCEANO  archive  as  a 
whole. 


SEA  ICE  THICKNESS  CLASSIFICATION 


Thickness  categories  used  here  are  those 
defined  by  the  World  Meteorological  Organization 
( WMO )  classification  system  (WMO,  1970).  Each 
WMO  ice  category  corresponds  to  a  range  of  ice 
thicknesses  (Fig.  1).  Categories  are  defined 
primarily  by  albedo,  a  parameter  measured 
directly  from  aerial  photographs.  Albedo  can  be 
used  to  discriminate  between  ice  in  most 
categories,  enabling  machine  classification  of 
ice  type  from  aerial  photographs.  A  review  of 
the  WMO  ice  classification  scheme  is  presented 
below  and  in  Figure  1. 

OPEN  WATER 

Ice-free  areas  (open  ocean,  polynyas,  leads, 
and  interstices  between  ice  flows)  constitute 
open  water.  Ice  thickness  here  is  zero  and 
albedo  typically  is  lower  than  that  of  any  other 
Arctic  surface.  Open  water  can  occur  anywhere  in 
the  Arctic  in  any  season. 

NEW  ICE 

New  ice  consists  of  unconsolidated 
accumulations  of  frazil,  commonly  agglomerated  as 
slush  in  spongy  clumps,  streamers,  and  tadpoles. 
When  light  winds  push  dispersed  clumps  of  frazil 
into  a  concentrated  mass,  a  soupy  unconcol i dated 
layer  of  grease  ice  up  to  a  meter  thick  may  form 
on  the  sea  surface  (Weeks  and  Ackley,  1982). 

Water  content  of  most  new  ice  forms  typically  is 
greater  than  60%  by  volume  (Martin  and  Kauffman, 
1981).  This  high  water  content  makes  dispersed 
frazil  and  thin  accumulations  of  grease  ice 
practically  indistinguishable  from  open  water  in 
most  vertical  aerial  photographs.  Streamers  and 
tadpoles  of  slush  and  thick  accumulations  of 
grease  ice  display  higher  albedo  than  surrounding 
water,  however,  and  commonly  are  identifiable  in 
winter  scenes  of  open  water. 

NILAS 


Nilas  is  a  thin,  elastic  crust  of  ice,  less 
than  10  cm  thick,  that  bends  under  waves  and 
swell.  Under  compression,  nilas  rafts,  typically 
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FIGURE  1 


Relationship  Between  Albedo,  Ice  Type,  and  Thickness 


A.  open  water 

1.  absence  of  ice 

2.  thickness  =  0  cm 

B.  new 

1.  includes  frazil,  grease,  slush,  shugga 

2.  unconsolidated  ice  spicules  or  plates 

3.  thickness  up  to  several  cm 

C.  dark  nilas 

1.  thin  elastic  crust  of  ice 

2.  bends  on  waves  and  swell 

3.  rafts  in  fingers  under  compression 

4.  dark  in  tone 

5.  0  to  5  cm  thick 

D.  light  nilas 

1.  like  dark  nile?  but  thicker,  more  rigid 

2.  lighter  in  tone  than  dark  nilas 

3.  5  to  10  cm  thick 


E .  grey 

1.  less  elastic  than  nilas 

2.  breaks  on  swell 

3.  lighter  in  tone  than  nilas 

4.  usually  rafts  under  compression 

5.  10  to  15  cm  thick 

F.  grey -white 

1.  thick  enough  to  sustain  snow  cover 

2.  almost  white  to  white  in  tone 

3.  more  likely  to  ridge  than  raft 

4.  15  to  30  cm  thick 

G.  first-year 

1.  ice  of  not  more  than  one  winter's  growth 

2.  white  in  tone 

3.  floes  commonly  angular  in  shape 
4*  ridges  when  present  appear  fresh 

5.  inter-ridge  areas  are  smooth 

6.  30  cm  to  2  m  thick 

H.  old  =  2  to  4  meters 

1.  survived  at  least  one  summer's  melt 

2.  white  in  tone 

3.  floes  commonly  rounded  in  shape 


in  fingers,  rather  than  forming  ridges.  Nilas 
will  not  sustain  snow-cover,  probably  due  to  a 
combination  of  surface  brine  and  insufficient 
thermal  insulation  against  the  near  melting 
temperature  of  underlying  sea  water.  Nilas  is 
divided  into  two  categories,  dark  nilas  and  light 
nilas,  based  on  thickness  and  albedo.  Dark  nilas 
is  less  than  5  cm  thick,  is  very  dark  in  tone 
(nearly  as  dark  as  open  water),  and  represents 
the  thinnest  consolidated  type  of  ice.  Light 
nilas  ranges  in  thickness  from  5  cm  to  10  cm  and 
is  lighter  in  tone  than  dark  nilas. 

YOUNG  ICE 

Young  ice  ranges  in  thickness  from  10  cm  to 
30  cm,  is  less  elastic  than  nilas,  and  breaks 
(rather  than  bends)  under  swell  and  wave  action. 
It  may  raft  or  ridge  under  compression  depending 
on  thickness.  Young  ice  is  divided  into  two 
categories,  grey  Ice  and  grey -white  ice,  based  on 
thickness,  albedo,  and  ability  to  sustain  snow 
cover.  Grey  ice  ranges  in  thickness  from  10  cm 
to  15  cm,  displays  higher  albedo  than  nilas, 
generally  will  not  sustain  snow-cover,  and 
typically  rafts  rather  than  forming  ridges  under 
compression.  Grey  ice  appears  grey  in  aerial 
photographs.  Grey-white  ice  ranges  in  thickness 
from  15  cm  to  30  'em,  displays  higher  albedo  than 
grey  ice  (but  slightly  lower  albedo  than 
first-year  ice),  and  sustains  snow-cover.  When 
snow-cover  is  present,  discrimination  between 
grey -white  ice  and  thin  first-year  ice  is 
difficult  if  deformational  features  (rafting, 
ridges)  are  absent. 


FIRST-YEAR  ICE 

First-year  ice  is  ice  of  not  more  than  one 
winter's  growth  that  ranges  in  thickness  from  30 
cm  to  2  meters.  First-year  ice  is  white  in  tone 
and  sustains  snow-cover.  Under  compressive 
stress  it  forms  ridges  that  commonly  appear  fresh 
and  sharp.  Undeformed  ice  between  ridges  is 
smooth.  Drifted  snow  supplies  whatever  surficial 
texture  is  present. 

OLD  ICE 

Old  ice  is  ice  that  has  survived  at  least 
one  summer's  melt.  At  the  beginning  of  winter 
old  ice  thickness  may  be  thinner  than  2  meters 
due  to  the  effect  of  sunnier  melt.  By  winter's 
end  old  ice  has  grown  to  total  thickness  that 
commonly  ranges  from  2  metes  to  4  meters.  Under 
compressive  stress  old  ice  forms  ridges. 

Although  new  ridges  appear  fresh  and  blocky, 
relict  ridges  that  survive  from  past  years  are 
rounded  and  form  hummocks  of  lower  relief. 

Frozen  meltponds  that  form  in  summer  months 
commonly  are  present  between  ridges  and  hummocks. 
Old  ice  sustains  snow-cover  and  displays  high 
albedo  similar  to  that  of  first-year  iCe  as  a 
result.  Old  ice  is  distinguished  from  first-year 
ice  primarily  by  differences  in  roughness  of  the 
ice  surface  and  rounded  shapes  of  floes. 
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ICEBERGS 

Icebergs  are  massive  chunks  of  fresh-water 
ice  that  break-  (calve)  from  the  terminus  of  a 
glacier  or  ice  shelf.  They  are  distinguished 
from  floes  of  sea  ice  by  their  size,  large 
freeboard  (typically  greater  than  5  meters  for 
large  icebergs  (WMO,  1970)),  high  relief,  and, 
some  cases,  their  irregular  shape. 

NORDA  ARCHIVE  OF  AERIAL  PHOTOGRAPHS 


The  NORDA  Arctic  film  archive  consists  of 
approximately  250  rolls  of  black  and  white  aerial 
photographic  film.  Most  images  are  on  9  inch 
film  and  are  of  quality  comparable  to  Figure  2. 
Cameras  used  to  obain  the  most  recent  images 
include  the  Wild  RC-10  and  RC-8.  Earlier  images 
were  made  usi*ng  the  Fairchild  CA-14,  T-ll,  and 
KC-1B  series,  and  the  CA1  (Chicago  Aerial 
Industries)  KA-50.  The  images  were  collected 
between  1962  and  1984  in  the  course  of  Arctic 
field  experiments  and  reconnaissance  flights, 
primarily  aboard  P-3  aircraft.  Images  made 
between  1976  and  1984  were  acquired  by  NORDA; 
those  made  prior  to  1976  were  acquired  by  the 
Naval  Oceanographic  Office  (NAVOCEANO).  A 
typical  example  jjgure  2. 


Seasonal  ice  conditions  in  waters  bordering 
the  United  States,  Canada,  Greenland,  Iceland, 
and  Norway  are  documented  in  the  archive.  Tracks 
flown  are  of  two  types:  mapping  and  transit. 
Mapping  tracks  provide  detailed  photographic 
coverage  of  confined  areas.  Photographs  are 
taken  at  altitudes  that  are  typically  less  than 
5000  feet.  Overlap  between  frames  is  sufficient 
to  provide  stereographic  coverage  in  many  cases. 
Almost  without  exception  mapping  tracks  coincide 
with  field  camps  that  are  associated  with  Arctic 
experiments  such  as  AIDJEX.  Transit  tracks 
provide  photographic  coverage  along  flight  lines 
that  extend  between  two  widely  separated  points. 
Coverage  is  not  always  continuous  between  frames 
and  between  different  segments  along  the  track. 
Typical  transit  tracks  extend  from  Thule  to  the 
North  Pole,  from  Barrow  to  the  North  Pole,  and 
from  the  site  of  Arctic  field  experiments  to 
landfall . 


SCREENING  PROCEDURES 

The  overall  usefulness  of  data  in  the 
archive  is  a  function  of  image  quality  and  the 
completeness  of  associated  flight  logs.  Each 
roll  of  film  in  the  archive  is  screened  manually 
and  evaluated  with  respect  to  image  quality  and 


completeness  of  navigation  logs  prior  to  digital 
analysis.  Although  clouds  and  ground  fog,  poor 
lighting,  camera  malfunctions,  and  inconsistent 
film  processing  degrade  some  images,  image 
processing  programs  applied  to  reduce  the 
archived  photographic  data  are  designed  to 
compensate  for  some  of  these  factors.  Data 
quality  Is  deemed  acceptable  in  all  but  the  most 
severe  examples  as  a  consequence. 

Incomplete  flight  logs  present  a  more 
significant  problem,  particularly  with  older  data 
in  the  archive.  Flight  logs  represent  the  most 
accurate  source  of  Information  concerning 
location  of  an  Imaged  scene.  In  many  cases  logs 
are  recorded  poorly  and  in  some  cases  they  are 
missing  altogether.  Way  points  that  are  needed 
to  document  Image  locations  along  flight  tracks 
often  are  not  recorded  with  ample  regularity.  If 
flight  logs  are  poorly  documented,  Incomplete,  or 
missing  altogether,  usually  it  is  not  possible  to 
reconstruct  flight  tracks  and  image  locations 
with  precision. 

Adequate  flight  logs  exist  for  most  recent 
data  in  the  archive,  but  logs  are  missing  for 
much  of  the  older  data.  In  the  absence  of  logs, 
acceptable  frames  are  digitized  only  if 
reasonable  location  data  can  be  inferred  from 
alternative  sources  such  as  mission  reports, 
associated  correspondence,  or  workers  who 
participated  in  the  experiment  for  which  the  data 
were  gathered.  In  such  cases,  the  general  region 
In  which  data  were  acquired  sometimes  can  be 
inferred  but  precise  ground  tracks  followed  can 
not  be  reconstructed. 

DATA  REDUCTION 

The  end  product  of  the  data  reduction  effort 
is  a  set  of  histoqrams.  one  for  each  frame 
analysed.  Each  histogram  gives  the  abundance  of 
surface  types  present  in  a  particular  scene. 
Histograms  are  produced  by  classifying  a  random 
selection  of  pixels  on  the  basis  of  their 
intensity.  The  classification  is  static.  That 
Is,  it  takes  into  account  single  pixel 
intensities  without  regard  to  the  values  of 
adjacent  pixels.  Textural  characteristics  of  the 
scene  thus  are  not  considered. 

The  particular  category  into  which  a  given 
pixel  intensity  falls  is  determined  by  a  series 
of  interval  boundaries.  Interval  boundaries  are 
set  after  visual  inspection  of  the  negative 
defines  the  range  of  values  that  are 
characteristic  of  the  set  of  surface  types 
present  In  a  scene.  Interval  boundaries  can  be 
adjusted  from  frame  to  frame  to  compensate  for 
differences  in  lighting,  exposure  or  cloud  cover, 
or  changes  In  the  assemblage  of  surfaces  present. 
The  accuracy  with  which  a  given  set  of  interval 
boundaries  classifies  a  scene  can  be  checked 
visually  by  segmenting  the  scene  into  a  series  of 
grey  tones,  each  of  which  corresponds  to  a  given 
histogram  interval.  Misclassifled  pixels  show  as 
anomalous  patches  or  Isolated  specks  in  areas 
that  otherwise  are  uniform  in  tone. 

In  some  scenes  two  different  surfaces  of 
similar  albedo,  such  as  first-year  ice  and 
multi-year  ice,  display  ranges  of  pixel 
intensities  that  overlap.  Discrimination  based 


on  static  pixel  value  is  not  possible  in  such 
instances.  Instead,  the  two  surfaces  initially 
are  classified  into  a  single  combined  category. 
Then,  the  areal  extent  of  one  surface  is  outlined 
(blotched)  manually  on  the  screen.’  The 
percentage  of  pixels  in  the  scene  that  are 
enclosed  by  the  blotch  is  computed  and  subtracted 
from  the  percentage  of  pixels  in  the  combined 
category. 

When  an  acceptable  histogram  is  obtained, 
associated  header  information  that  consist  of 
frame  and  can  number,  location  data,  and  camera 
focal  length  is  updated.  The  header  is  appended 
to  the  histogram  array  and  both  are  written  to 
hard  disk.  Other  programs  can  be  used 
subsequently  to  correct  erroneous  entries  in  the 
file,  add  missing  location  data,  plot  flight 
tracks,  or  manipulate  the  data  as  required  for 
further  analysis. 

IMAGE  PROCESSING  SOFTWARE 

Software  used  to  reduce  photographic  data  to 
histograms  of  surface  type  abundance  was  written 
specifically  for  this  project.  A  detailed 
description  by  Eppler  and  Fanner  is  in 
preparation.  A  discussion  of  functions  performed 
by  the  program  and  philosophical  considerations 
around  which  the  program  is  written  follows. 

A  program  named  ALBEDO  serves  as  an 
interface  between  the  operator  and  image 
processing  hardware.  ALBEDO  runs  in  an 
interactive  mode  and  gives  the  operator  maximum 
control  and  flexibility  over  image  processing 
operations.  Eight  basic  imaging  functions  permit 
the  user  to  perform  operations  necessary  to 
classify  (segment)  scenes  and  to  produce 
histograms  of  the  abundance  of  Arctic  surface 
types:  1)  calibrate  the  intensity  of  video 
input,  2)  view  live  video  images,  3)  capture 
(store)  images  in  frame  buffers,  4)  measure  the 
range  of  intensities  displayed  by  groups  of 
pixels,  5)  set  histogram  interval  boundaries,  6) 
construct  histograms  that  display  abundances  of 
surface  types  present  in  an  image,  7)  set  look-up 
tables  (LUTs)  to  display  negative  images, 
positive  images,  or  images  segmented  by 
histograms  surface  types,  and  8)  determine  the 
percentage  of  a  scene  that  falls  within  a 
designated  boundary. 

1.  Calibrate  Video  Input  Intensity:  The 
problem  overcome  by  calibration  is  one  of 
saturtion  of  the  digitized  image.  In  order  to 
avoid. saturation  at  either  end  of  the  digitized 
grey  scale,  video  input  levels  must  be  adjusted 
such  that  the  full  range  of  video  intensities  is 
digitized  within  the  range  of  256  digital  levels 
allowed  by  hardware.  Both  the  range  of  negative 
densities  by  which  images  are  depicted  and  the 
film  base  density  vary  between  rolls  of  film. 
Calibration  permits  the  operator  to  compensate 
for  differences  in  film  characteristics  between 
rolls  of  film  by  adjusting  the  intensity  of  light 
reaching  the  television  camera. 

Calibration  is  performed  once  for  each  roll 
of  film  by  measuring  changes  in  the  digitized 
pixel  intensity  of  the  film  base  in  respone  to 
changes  in  light  intensity.  A  section  of 
unexposed  film  between  frames  is  positioned  at 
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the  center  of  the  field  of  view.  Light  intensity 
is  changed  by  ajdusting  the  iris  diaphragm  on  the 
digitizing  camera  lens.  The  scene  is  digitized 
after  each  intensity  change  and  pixel  values  that 
correponds  to  a  9-pixel  square  of  film  base  at 
the  image  center  are  noted.  Light  level  is  set 
such  that  film  base  digitizes  just  below  255,  the 
maximum  value  allowed  by  hardware.  Digitized 
values  for  other  surfaces  in  the  iamge  are 
allowed  by  fall  between  this  calibrated  film  base 
intensity  and  0. 

Three  assumptions  underlie  this  procedure. 
First,  we  assume  that  no  part  of  the  image  is 
more  transparent  than  film  base.  Film  base  will 
digitize  with  the  highest  intensity  possible  for 
a  given  roll  of  film  as  a  consequence.  In  no 
case  will  images  of  open  water,  the  surface  with 
the  lowest  albedo,  or  images  of  any  other  surface 
be  less  dense  than  film  base.  Second,  we  assume 
that  sensitivity  of  the  vidicon  tube  is  greatest 
near  the  center  of  the  field  of  view.  Experience 
with  cameras  used  in  our  imaging  system  confirms 
this  assumption.  The  digitized  value  of  film 
base  will  be  greater  here  than  at  other  points 
across  the  field  of  view.  For  this  reason  film 
base  is  calibrated  at  image  center.  Third,  we 
assume  that  if  film  base  is  set  near  255,  then 
digitized  intensity  of  the  densest  part  of  the 
negative  will  fall  above  0.  Experience  confirms 
this  assumption. 

2.  View  Live  Video:  Live  video  is  used  to 
position  film  correctly  within  the  field  of  view. 
Only  the  central  portion  of  each  frame  is 
analysed  for  surface  type  distribution  so  frames 
must  be  centered  in  the  field  of  view  before 
digitization. 

3.  Store  Images:  Images  must  be  captured 
in  frame  buffers  before  they  are  processed.  When 
an  image  is  stored,  it  is  converted  from  an 
analog  video  signal  to  digital  pixel  intensities. 
Artifacts  in  the  imaging  system  that  persist  from 
image  to  image  and  that  are  independent  of  the 
digitized  scene  (burn  spots  on  the  vidicon, 
uneven  light  table  intensity)  are  removed  as  the 
image  is  digitized.  An  artifact  image  that 
consists  of  mean  deviations  of  pixel  intensities 
from  a  normalized  background  of  zero  is 
subtracted  from  each  digitized  image  before  it  is 
stored.  The  artifact  image  is  created  by  making 
ten  images  of  the  bare  light  table  at  maximum 
illumination  and  then  computing  the  mean  value  of 
each  pixel  in  the  image.  The  mean  image  is 
normal li zed  by  subtracting  the  mean  value 
computed  for  all  pixels  within  the  mean  image 
from  the  mean  image. 

.4*  Measure  Pixel  Intensities:  Measurements 
of  pixel  intensity  are  required  to  set  histogram 
interval  boundaries.  The  intensity  of  single 
pixels  is  obtained  by  moving  a  cursor  across  the 
screen.  Cursor  location  is  displayed  on  the 
console  in  terms  of  column-row  coordinates  of  the 
screen  along  with  the  pixel  value  at  that  point. 
Summary  statistics  of  pixels  enclosed  by  a  box 
also  can  be  obtained.  The  cursor  is  used  to  mark 
two  corners  of  a  square  or  rectangle.  The  range, 
mean,  variance,  and  standard  deviation  of  pixels 
enclosed  by  the  box  are  computed  and  displayed  on 
the  console. 


5.  Set  Histogram  Interval  Boundaries: 
Interval  boundaries  define  the  classification 
scheme  on  the  basis  of  which  histograg^are 
computed.  Initial  boundary  values  are  determined 
from  cursory  examination  of  pixel  values  that 
characterize  each  surface  in  the  scene.  Final 
boundaries  are  set  through,  an  interactive  process 
by  which  bounds  that  define  each  class  are 
adjusted.  A  given  interval  is  selected  and 
pixels  that  fall  within  that  class  are 
illuminated  brightly  on  the  monitor.  Pixels  that 
fall  outside  the  class  are  displayed  in  subdued 
tones  of  grey.  As  boundaries  are  moved  up  or 
down  via  keyboard  commands,  the  collection  of 
pixels  that  falls  within  the  interval  is  updated 
and  displayed  in  real  time  on  the  monitor.  When 
acceptable  boundaries  are  achieved,  the  routine 
is  exited  and  a  histogram  is  constructed. 

6.  Construct  Histograms:  Histograms  are 
constructed  from  a  random  sample  of  pixels  in  the 
scene.  Approximately  3%  of  the  pixels  enclosed 
in  a  250-pixel  square  box  centered  in  the 
512-pixel  square  field  of  view  are  selected 
randomly.  Pixel  intensities  are  compared  with 
interval  boundaries  established  previously  and 
the  results  displayed  on  the  console.  Pixels 
that  fail  to  fall  in  any  category  are  counted  as 
unclassified  and  Indicate  errors  in  interval 
boundary  settings.  When  an  acceptable  histogram 
is  achieved,  header  information  is  updated  and 
the  hi sto- header  pair  is  written  to  disk. 

7*  Set  Look-Up  Tables  (LUTs):  LUTs  control 
grey  scales  into  which  pixel  Intensities  are 
mapped  when  the  image  is  displayed.  For  example, 
a  negative  image  (such  as  is  obtained  by  imaging 
a  photographic  negative)  can  be  displayed  as  a 
positive  image  by  inverting  digitized  pixel 
intensities  such  that  0  (black)  is  displayed  as 
255  (white),  1  (very  dark  grey)  is  displayed  as 
254  (very  light  grey),  2  is  displayed  as  253,  .  . 

.  ,  254  (very  light  grey)  is  displayed  as  1  (very 
dark  grey),  and  255  (white)  is  displayed  as  0 
(black).  LUTs  also  can  be  set  such  that  scenes 
are  displayed  according  to  the  classification 
scheme  defined  by  histogram  boundary  intervals. 
This  provides  a  means  of  checking  interval 
boundaries  and  studying  the  areaT  extent  and 
spatial  relationships  of  different  surface  types. 

8.  Count  Pixels  Within  a  Boundary:  Areas 
of  interest  within  an  image  can  be  outlined  with 
the  cursor  via  commands  entered  from  the 
keyboard.  The  percentage  of  pixels  in  the 
250-pixel  square  sample  box  that  are  included  in 
the  resulting  blotch  then  is  computed. 

IMAGE  PROCESSING  HARDWARE 

Reduction  of  images  to  histograms  of 
surface- type  abundance  is  performed  using 
conventional  image  processing  hardware.  Imaging 
Technology  Incorporated's  (ITI)  IP-512  system  of 
imaging  boards  are  used  for  image  processing 
operations.  Specifically,  analog  video  images 
are  converted  to  digital  images  using  an  RGB-512 
board  or  an  AP-512  board,  images  are  stored  in 
FB-512  frame  buffers,  and  images  are  manipulated 
using  an  ALU-512  arithmetic  logic  unit.  Although 
programs  described  here  are  tailored  to 
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characteristics  of  ITI  boards,  imaging  boards 
offered  by  other  manufacturers  probably  can  be 
used  if  they  provide  similar  image  processing 
functions. 

Image  processing  hardware  is  controlled  by  a 
Cosmos  Systems  Inc.  STARFIELD  LYRA/40  computer. 
The  computer,  which  uses  a  Motorola  68000  CPU, 
employs  a  UNIX  Version  7  operating  system. 

Online  storage  is  provided  by  a  40  megabyte 
Winchester  hard  disk.  Images  are  acquired  using 
a  JVC  KY-2700  television  camera  mounted  over  a 
Richards  light  table.  Virtually  any  television 
camera  can  be  used  as  long  as  two  requirements 
are  met.  First,  the  camera  should  be  equipped 
with  an  iris  diaphragm  so  that  light  intensity 
reaching  the  imaging  can  be  controlled.  Second, 
automatic  gain  control  circuits,  if  they  are 
present,  must  be  disabled. 

DATA  FORMAT 

Data  recorded  for  each  frame  consist  of 
header  values  and  histogram  percentages.  An 
explanation  of  these  data  and,  where  appropriate, 
the  manner  in  which  they  are  encoded  follows. 
Archived  data  are  available  in  tabular  form  as 
printed  output  and  in  digital  form  on  magnetic 
tape.  Formats  used  for  the  tape  product  are 
discussed  following  Header  and  Histogram 
Discussions. 

HEADER  DATA 

Header  data  are  provided  for  each  frame  and 
give  1)  can  and  frame  number,  2)  latitude  and 
longitude  coordinates  at  the  frame  center,  3)  a 
numeric  code  that  signifies  the  Arctic  region  in 
which  the  frame  is  located,  4)  the  date  on  which 
the  image  was  made,  and  5)  aircraft  altitude  and 
focal  length  of  the  camera  lens. 

1.  Can  and  Frame  Number:  Record  of 
identification  consists  of  the  combination  of  can 
and  frame  number,  which  identifies  each  image  in 
the  archive  uniquely.  Individual  images  from 
which  histogram  data  are  derived  can  be  retrieved 
from  the  film  archive  as  a  result. 

2.  Latitude  and  Longitude;  Latitude  and 
longitude  coordinates  of  image  centers  as 
determined  from  flight  logs  are  given  in  decimal 
degrees.  Latitude  ranges  from  -90.0°  to  +90.0°. 
Longitude  ranges  from  -180.0°  to  +180.0°. 

Negative  latitudes  signify • southern  hemisphere 
data.  Negative  longitudes  signify  western 
hemisphere  data.  Entries  of  999  indicate  missing 
location  data. 

Most  locations  given  represent 
interpolations  between  way  points  recorded  in 
flight  Togs.  In  making  interpolations  we  make 
assumptions  concerning  the  flight  path  followed, 
and  the  interval  at  which  successive  frames  are 
made.  First,  we  assume  that  flight  paths 
travelled  between  adjacent  way  points  are 
straight  lines.  Where  transit  flights  are 
concerned,  experience  suggests  strongly  that  this 
is  true.  Continuity  of  photography  is  checked 
during  the  screening  process.  Navigators 
commonly  record  way  points  only  when  course 
changes  are  made  during  transit  tracks. 


Second,  we  assume  that  the  distance  between 
successive  frame  centers,  is  constant  over  the 
interval  between  way  points.  In  most  cases 
inspection  of  the  film  provides,  evidence  that 
this  assumption  is  correct.  Overlap  between 
successive  images  verifies  that  the  ground 
distance  between  successive  frames  is  constant. 
Where  the  interval  is  such  that  overlap  does  not 
occur,  the  camera  clock,  which  is  imaged  in  each 
frame,  provides  a  means  of  verifying  the 
interval . 

3.  Arctic  Region:  Figure  3  is  a  map  that 
shows  numeric  region  codes  and  the  Arctic  seas  to 
which  they  correspond.  Boundaries  between 
regions  are  somewhat  arbitrary  and  are  based 
partly  on  .geography ,  partly  on  convenience,  and 
partly  on  preconceived  notions  of  regions  within 
ice  characteristics  are  similar'.  This  crude 
regional  classification  is  intended  to  be  used 
both  as  a  rapid  mea*s  of  determing  the  general 
location  of  a  particular  frame  or  roll  of  film 
and  as  a  means  of  specifying  the  general  location 
of  images  that  lack  latitude-longitude 
coordinates . 

4.  Date:  The  date  on  which  images  were 
acquired  is  given  by  month,  day,  and  year 
{mmddyy).  For  example  030577  is  March  5,  1977. 
Leading  zeroes  commonly  are  truncated  on  printed 
output.  In  such  case  the  above  data  appears  as 
30577. 

HISTOGRAM  DATA 

Percentages  of  the  abundance  of  each  of  13 
surface  types  in  a  given  scene  are  recorded  for 
each  histogram.  Figure  4  is  an  example  of  the 
reduced  data.  The  location  of  digitized 
photography  is  sh6wn  as  figure  4a  with  a  plot  of 
the  distributions  of  ice  types  along  the  track 
are  illustrated  in  figure  4b.  Categories  as 
defined  by  the  WM0  classification  scheme  for  open 
water,  new  ice,  dark  nil  as,  light  nil  as,  nil  as 
(undifferentiated),  grey  ice,  grey -white  ice, 
first-year  ice,  old  ice,  ridges,  melt  ponds,  ice 
bergs,  and  land  are  used.  Explanation  of  the 
derivation’ and  use  of  data  in  some  categories  is 
in  order. 

Nilas  (undifferentiated)  includes  both  dark 
and  light  nil  as.  Percentages  for  nil  as 
(undifferentiated)  are  set  to  0.0  unless 
discrimination  between  dark  nil  as  and  light  nil  as 
is  not  possible  by  programs  discussed  above. 
Therefore,  listings  of  0.0%  nil  as 
(undifferentiated)  does  not  necessarily  mean  that 
nilas  is  not  present  in  the  scene.  Dark  nilas, 
light  nilas,  and  nilas  (undifferentiated)  must 
all  be  checked  to  determine  total  percent  nilas 
in  a  given  scene.  Percentages  for  nilas 
(undifferentiated)  can  be  computed,  if  required, 
by  adding  percentages  given  for  dark  nilas  and 
1 ight  nilas. 

Ridges  includes  estimates  of  the  areal 
extent  of  ice  in  ridges  in  the  scene.  Ridges  can 
not  always  be  classified  completely,  however, 
using  software  described  above.  Several  points 
must  be  considered  as  a  consequence  if  ridge  data 
are  used.  First,  0.0%  ridges  does  not 
necessarily  mean  that  there  are  no  ridges  in  the 
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scene.  More  often  than  not  0.0%  ridges  indicates 
that  ridges  could  not  be  classified  as  a  group 
separate  from  ice  in  which  they  are  observed. 
Second,  ridge  percentages,  when  given,  are 
conservative  estimates  of  the  actual  percentage 
of  ridged  ice  in  a  scene.  Actual  percentages  of 
ridged  ice  present  probably  exceed  percentages 
given  in  all  cases.  Third,  ridge  data,  if  not 
needed,  should  be  combined  with  percentages  of 
the  most  abundant  thick  ice  (first-year  ice  or 
old  ice)  in  the  scene  to  give  more  accurate 
measures  of  ice  abundance* 

Meltponds  represent  the  areal  extent  of 
pooled  water" "on  the  ice  surface  during  summer 
months.  Percentages  given  represent  conservative 
estimates  of  meltpond  development.  Most  meltpond 
data  come  from  summer  images.  However,  the 
percentage  of  mylti-year  ice  surfaces  comprised 
of  frozen  meltponds  in  winter  months  probably  can 
be  estimated  with  reasonable  accuracy  from 
percentages  measured  in  late  summer  images  (late 
August,  September).  Meltpond  percentages  should 
be  added  to  first-year  ice  and  old  ice 
percentages  if  not  needed. 


Unci assi fi ed  pixels  are  those  pixels  that 
fail  to  fall  into  any  of  the  categories  defined 
by  interval  boundaries  used.  The  presence  of 
unclassified  pixels  indicates  that,  as  a  result 
of  operator  error,  histogram  boundaries  used  to 
classify  a  scene  failed  to  include  the  full  range 
of  pixel  intensities  that- were  present.  The 
unclassified  percentage  is  zero  for  most  frames 
in  the  archive.  For  those  frames  that  do  have 
unclassified  pixels,  note  that  percentages  of 
surface  types  given  in  the  scene  are  normalized 
to  100.0%  without  taking  into  account  the 
percentage  of  unclassified  pixels.  Depending  on 
applications  for  which  these  data  are  used,  the 
user  might  choose  either  to  recompute  surface 
type  percentages  to  account  for  the  unclassified 
percentage,  or  to  remove  the  few  frames  that 
include  unclassified  pixels  from  the  archive. 

TAPE  FORMAT 

Archived  data  can  be  provided  on  9-track 
tape  at  1600  bpi  either  as  a  series  of  ASCII 
files  or  as  a  structure  of  UNIX  directories  and 


211 


FIGURE  4 
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files.  In  either  format,  each  file  contains 
histogram  and  header  data  for  all  frames  on  a 
given  roll  of  film.  Data  are  given  in  the 
following  order:  1)  can,  2)  frame,  3)  date,  4) 
region,  5)  latitude,  6)  longitude,  7)  altitude, 

8)  focal  length,  9)  open  water,  10)  new  ice,  11) 
dark  nilas,  12)  light  nilas,  13)  nilas 
(undifferentiated),  14)  grey  ice,  15)  grey-white 
ice,  16)  first-year  ice,  17)  old  ice,  18)  ridges, 
19)  melt  ponds,  20)  ice  bergs,  21)  land,  and  22) 
unclassified  pixels. 

APPLICATIONS 

The  data  set  of  histograms  i:s  generally 
applicable  to  problems  that  Arctic  processes, 
Whether  they  describe  cl imatol ogic ,  acoustic, 
oceanographic,  or  ice  dynamics  phenomena.  The 
histograms  represent  sets  of  conditions  that  are 
known  to  have  occurred  at  given  points  and  at 
given  times  in  the  Arctic.  As  such,  they  form 
ite  points  to  the  real  world.  The  role  of  these 
data  in  modelling  applications  is  two- fold. 

First,  they  provide  ground  truth  data  with  which 
models  that  describe  ice  dynamics  can  be  tested. 
Effective  models  must  be  able  to  predict  ice 
conditions  documented  in  the  data  set,  igven 
meteorologic  and  oceanographic  boundary 
conditions  that  ecisted  when  the  data  were 
acquired.  Accordingly,  existing  models  can  be 
verified  by  comparing  predicted  conditions  with 
actual  conditions  that  the  data  set  documents. 

For  example,  Himbus  ESMR  and  SMMR  data,  and 
SEASAT  SAR  and  SMMR  data  in  many  instances  are 
inadequately  ground  truthed.  Data  in  the  archive 
that  coincides  with  archived  satellite  images  can 
be  used  to  verity  ice  products  derived  from  these 
satellite  platforms.  This  is  an  especially 
important  function  in  projects  that  seek  to 
develop  new  algorithms  for  new  sensors  from 
archived  satellite  data. 

The  data  set  also  can  be  used  to  set 
boundary  conditions  for  models  that  predict  other 
Arctic  phenomena.  Models  of  heat  exchange,  for 
example,  are  dependent  on  the  concentration  of 


open  water  in  the  pack  and  on  the  abundance  of 
thin  ice  types  that  transmit  heat  well. 

Histograms  of  ice  abundance,  if  analysed  in 
conjunction  with  figure  1,  set  limits  on  the 
abundance  of  ice  of  critical  thicknesses  that 
have  occurred  historically  at  specific  points  in 
the  Arctic.  Use  of  these  data  as  inputs  to 
climatological  models  should  provide  more 
reliable  results  than  are  now  possible.  In 
another  example,  acoustic  models  commonly  require 
estimates  of  roughness  elements  that  catter, 
absorb,  and  otherwise  attenuate  distant  signals. 
Insofar  as  ice  roughness  and  ice  type  are 
related,  estimates  of  ice  abundance  contained  in 
the  data  set  provide  baseline  data  with  which 
estimates  of  regional  scattering  characteristics 
can  be  developed. 

SUMMARY 

In  the  end,  the  nature  of  problems  at  hand 
not  only  determine  the  degree  to  which  these  data 
are  applicable  but  also  dictate  the  manner  in 
which  they  should  be  applied.  The 
NORDA-NAVOCEANO  data  set  represents  a  historical 
record  of  ice  conditions  at  specific  times  and 
places  in  the  Arctic.  Histograms  of  ice 
abundance  contain  a  wealth  of  information 
concerning  seasonal,  regional,  and  annual 
variation  in  ice  conditions  that  has  occurred 
over  the  past  twenty  years.  In  many  instances 
these  data  are  recorded  no  where  else. 

The  data  base  established  at  NORDA  is  rather 
extensive  and  quite  detailed.  However,  there  are 
obvious  areas  where  coverage  (high  resolution 
imagery)  is  limited  or  non-exi stant.  Therefore, 
there  is  opportunity  for  other  researchers,  with 
archived  imagery  or  collection  capabilities  to 
contribute.  Also,  efforts  will  ba  made  to  gather 
data  where  need  exists. 

The  digitizing  and  processing  method 
developed  at  NORDA  is  simple,  easy  to  operate  and 
reliable.  Thus,  additional  data  sets  could  be 
digitized  and  added  to  the  digital  data  base  with 
minimum  effort  and  cost,  allowing  greater 
emphasis  on  end  produce  analysis. 
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ABSTRACT 

Field  investigations  of  pressure  ridge  sails  have 
shown  that  ridge  height  is  limited  by  the  thickness 
of  the  ice  that  deformed.  Sail  height  and  width 
can  be  conveniently  expressed  as  functions  of  the 
thickness  of  the  ice  blocks  contained  in  the  ridge. 
Surface  dimensions  of  the  blocks  are  also  related 
to  ice  thickness.  Ridge  height  may  be  determined 
by  the  ability  of  the  parent  sheet  to  support  the 
loading  imposed  by  the  ridge  or  by  the  type  of 
failure  occurring.  Some  insight  into  the  structure 
of  ridge  keels  may  result  from  detailed  study  of 
the  sails. 

The  physical  properties  of  sea  ice  In  the  Fram 
Strait  region  of  the  Greenland  Sea  were  examined  as 
part  of  the  MIZEX  field  program  in  1984.  The  pro¬ 
perties  measured  at  each  sampling  site  included  sa¬ 
linity,  temperature,  thickness,  crystal  structure 
and  snow  depth.  The  measured  salinities  agreed 
well  with  those  measured  elsewhere  in  the  Arctic 
during  summer.  Crystal  texture  analysis  indicated 
that  about  75%  of  the  ice  consisted  of  columnar 
type  crystal  structure.  The  remaining  25%  consist¬ 
ed  of  granular  ice. 


1.  INTRODUCTION 

This  paper  will  focus  on  two  aspects  of  sea  ice 
morphology.  First,  we  will  describe  the  results  of 
our  extensive  investigations  of  the  structure  of 
first-year  pressure  ridge  sails  in  the  Alaskan 
Beaufort  Sea.  This  study  focused  on  establishing 
relations  between  ridge  sail  size  and  the  geometry 
of  the  ice  blocks  composing  the  sail.  We  will  then 
move  to  a  much  smaller  scale  and  completely  differ¬ 
ent  area  of  the  Arctic  and  describe  ice  physical 
properties  Investigations.  These  latter  studies 
were  conducted  in  the  Fram  Strait  and  consisted  of' 
the  examination  of  small-scale  properties,  includ¬ 
ing  temperature,  salinity  and  structural  profiles 
observed  in  cores  obtained  from  a  variety  of  first- 
year  and  multi-year  ice  floes. 

Although  these  two  aspects  are  of  different  scales, 
they  are  more  closely  related  than  might  be  obvi¬ 
ous.  Ridges  are  composed  of  ice  blocks,  which  tak¬ 
en  individually,  may  have  highly  variable  small- 
scale  properties.  The  larger  scale  characteristics 
of  the  ridge,  such  as  mechanical,  acoustic  or  elec¬ 
tromagnetic  properties,  are  determined  not  only  by 
its  size  but  also  by  the  geometry  and  consolidation 
of  the  blocks  and  by  the  physical  properties  of  the 


individual  blocks.  If  the  ridge  survives  the  sum¬ 
mer,  its  properties  are  modified  considerably.  For 
instance,  the  sail  is  largely  desalinated  and  the 
original  blocks  are  ablated  and  consolidated  by  ice 
formed  from  meltwater  freezing  in  the  voids.  These 
changes  cause  the  ridge  to  have  an  Independent  set 
of  small-scale  properties  which  are  different  from 
those  of  the  adjacent  undeforraed  ice.  In  other 
words,  some  of  the  variation  of  small-scale  proper¬ 
ties  observed  in  Arctic  sea  ice  is  attributable  to 
ridges. 


2.  PRESSURE  RIDGE  MORPHOLOGY 

Sea  Ice  ridges  are  an  important  consideration  to 
Naval  operations  in  the  Arctic.  They  impede  sur¬ 
face  and  marine  transportation  because  of  their 
size  and  strength.  Their  often  deep  keels  can  be 
hazards  to  subsurface  navigation  and  they  signifi¬ 
cantly  affect  the  underice  acoustic  environment. 

The  keels  act  as  scatterers,  absorbers  and  reflect¬ 
ors  of  acoustic  energy  and  a  significant  amount  of 
ambient  noise  can  be  generated  when  the  ridges  are 
forming.  For  these  reasons,  the  study  of  ridges 
can  only  help  to  enhance  Naval  Arctic  operations. 

Ridges  have  been  the  subject  of  considerable  study 
since  the  1960's.  Early  field  measurements  concen¬ 
trated  on  thickness  investigations  to  establish 
sail-to-keel  ratios  and  on  ice  coring  to  provide 
temperature,  salinity  and  density  profiles  through 
the  ridge.  Examples  of  these  types  of  measurements 
for  multi-year  ridges  are  given  by  Kovacs4.  The 
other  aspect  of  ridges  which  has  been  addressed  in 
some  detail  is  the  frequency  distribution  of  sail 
heights  and  keel  depths.  Laser  profiles  have  been 
used  to  obtain  regional  distributions  of  sail 
heights  and  upward-looking  submarine  sonar  profiles 
have  provided  similar  distributions  of  keel  depths. 
Wadhams  presents  an  excellent  review  of  previous 
work  regarding  ridge  frequency  distributions. 

Three  types  of  ice  features  will  be  identified  as 
ridges  in  the  analysis  of  laser  or  sonar  profiles. 
Two  types  of  newly  formed  deforraational  features; 
called  first-year  ridges,  are  distinguished  by 
their  formative  forces.  Pressure  ridges  are  formed 
primarily  by  compressive  forces  on  the  ice,  which 
cause  the  ice  to  fail  in  bending  or  buckling,  re¬ 
sulting  in  piles  of  ice  blocks  of  various  sizes. 
Shearing  forces  dominate  in  shear  ridges,  which  are 
characterized  by  their  linearity,  vertical  walls 
and  the  generally  pulverized  ice  which  composes 
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Figure  2.  Typical  shear  ridge. 


them.  Examples  of  these  two  types  of  ridges  are 
shown  in  Figures  1  and  2.  Pressure  ridges  are  far 
more  common  than  shear  ridges  in  the  Arctic  because 
deforma tional  incidents  where  shearing  forces  domi¬ 
nate  are  generally  infrequent  except  near  coast¬ 
lines.  The  third  type  of  ridge  is  distinguished 
solely  by  its  age  rather  than  its  structure. 
Multi-year  ridges  are  features  which  have  survived 
a  summer.  The  melting  has  smoothed  the  surface  and 
filled  the  internal  voids  with  water  which  has  sub¬ 
sequently  frozen.  Even  though  the  topography  of 
these  ridges  has  been  reduced  by  melting,  they  can 
be  quite  large  and  are  considerably  stronger  than 
first-year  ridges  because  they  are  more  consolidat¬ 
ed  and  contain  lower-salinity  ice.  Figure  3  shows 
a  large  grounded  multi-year  ridge. 

Field  Studies 

We  have  extensively  studied  the  structure  of  first- 
year  pressure  ridge  sails.  The  majority  of  these 


investigations  took  place  in  1980  and  1981  off  the 
Beaufort  Sea  coast  of  Alaska.  Detailed  methodology 
and  results  have  been  previously  described  . 

Briefly,  the  geometry  of  the  ridge  sail  and  the  di¬ 
mensions  of  some  of  the  larger  blocks  in  the  ridge 
were  measured.  We  made  these  measurements  along  a 
short  section  of  the  ridge  that  usually  included 
the  maximum  sail  height  of  the  ridge.  Over  80 
ridges  were  studied  in  this  manner.  One  major  goal 
of  these  investigations  was  to  measure  the  thick¬ 
ness  of  the  ice  blocks  in  the  ridge  because  it  in¬ 
dicates  the  thickness  of  the  ice  that  deformed  to 
create  the  ridge. 

Ridge  and  Ice  Block  Geometry 

Figure  4  shows  the  ridge  sail  height  plotted 
against  the  mean  block  thickness.  The  most  obvious 
feature  demonstrated  by  this  figure  is  that  ridge 
height  seems  to  be  a  function  of  block  thickness. 
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Figure  3.  Large  grounded  multi-year  ridge. 


Figure  4.  Sail  height  as  a  function  of  ice 
thickness. 


Such  a  relationship  was  first  hypothesized  by 
Parmerter  and  Coon5  in  an  ice  ridging  model.  Their 
basis  for  the  limiting  height  concept  is  that  the 
parent  ice  sheet,  which  is  being  loaded  both  above 
and  below  by  ice  rubble,  eventually  fails  and  the 
ridge  subsequently  grows  wider  rather  than  higher. 
Other  he ight-1 irai ti ng  possibilities  are  discussed 
below.  Another  important  finding  pointed  out  by 
this  figure  is  that  thick  ice  (>  1  m)  deforms  to 
create  ridges.  The  implication  is  that  if  environ¬ 
mental  driving  forces  are  sufficient,  thick  ice 
will  be  ridged  after  all  thin  ice  in  the  area  has 
been  consumed  by  the  ridging  process. 

The  curves  which  are  fitted  to  the  data  shown  in 
Figure  4  are  derived  from  energetic  arguments  that 
consider  the  two  major  forces  involved  in  ridge 
building;  potential  energy  and  friction.  Function¬ 
al  relations  between  ridge  height  and  ice  thickness 


were  established  when  these  forces  were  compared  to 
bending  and  buckling  modes  of  ice  failure.  The 
buckling  failure  analysis  results  in  sail  height 
being  a  function  of  the  square  root  of  ice  thick¬ 
ness.  This  accounts  for  two  of  the  curves  shown  in 
Figure  4,  the  best  fit  relation  to  all  data,  where 
the  constant  is  3.71,  and  a  type  of  limiting  height 
curve,  where  the  constant  is  3.24,  This  latter 
curve  originated  from  fitting  the  square  root  rela¬ 
tionship  to  sail  heights  which  exceeded  the  best 
fit  curve  by  more  than  one  standard  deviation. 
Bending  failure  analysis  results  in  sail  height  be¬ 
ing  a  function  of  the  fourth  root  of  ice  thickness. 
It  appears  that  the  buckling  failure  curve  provides 
the  best  fit  to  thinner  ice  while  bending  failure 
fits  the  thicker  ice  categories  best.  Theory  and 
laboratory  experiments  verify  that  thin  ice  is  more 
prone  to  buckling,  while  bending  failure  dominates 
in  thick  ice.  The  curves  point  out  that  the  mode 
of  ice  failure  taking  place  during  ridging  may  ul¬ 
timately  determine  the  limiting  ridge  height. 

Other  aspects  of  pressure  ridge  geometry  and  struc¬ 
ture  are  also  interesting.  As  might  be  expected, 
ridge  width  also  scales  well  with  sail  height. 

This  is  reasonable  in  that  slopes  of  first-year 
ridges  have  been  found  to  average  around  26  degrees 
without  excessive  scatter.  Regarding  the  variation 
of  ice  thicknesses  found  in  single  features,  some 
ridges  contained  as  many  as  three  distinct  block 
thicknesses.  This  probably  indicates  that  the  ice 
in  a  small  refrozen  lead  was  totally  consumed  in 
ridge  formation.  Subsequently,  driving  forces  were 
sufficient  to  continue  ridging  the  ice  sheets  that 
were  adjacent  to  the  lead.  Thick  multi-year  ice 
blocks  were  also  observed  in  ridges  on  an  infre¬ 
quent  basis. 

Block  surface  dimensions  also  scale  with  thickness. 
Figure  3  shows  the  length  of  the  major  surface  di¬ 
mension  plotted  against  thickness.  The  curves 
shown  give  the  best  least  squares  linear  fit  as 
well  as  the  best  fit  to  the  three-quarters  power  of 
ice  thickness.  The  motivation  for  the  power  law 
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Figure  1.  Typical  pressure  ridge. 


Figure  2.  Typical  shear  ridge. 


them.  Examples  of  these  two  types  of  ridges  are 
shown  in  Figures  1  and  2.  Pressure  ridges  are  far 
more  common  than  shear  ridges  in  the  Arctic  because 
def orraational  incidents  where  shearing  forces  domi¬ 
nate  are  generally  infrequent  except  near  coast¬ 
lines.  The  third  type  of  ridge  is  distinguished 
solely  by  its  age  rather  than  its  structure. 
Multi-year  ridges  are  features  which  have  survived 
a  summer.  The  melting  has  smoothed  the  surface  and 
filled  the  internal  voids  with  water  which  has  sub¬ 
sequently  frozen.  Even  though  the  topography  of 
these  ridges  has  been  reduced  by  melting,  they  can 
be  quite  large  and  are  considerably  stronger  than 
first-year  ridges  because  they  are  more  consolidat¬ 
ed  and  contain  lower-salinity  ice.  Figure  3  shows 
a  large  grounded  multi-year  ridge. 


investigations  took  place  in  1980  and  1981  off  the 
Beaufort  Sea  coast  of  Alaska.  Detailed  methodology 
and  results  have  been  previously  described3. 

Briefly,  the  geometry  of  the  ridge  sail  and  the  di¬ 
mensions  of  some  of  the  larger  blocks  in  the  ridge 
were  measured.  We  made  these  measurements  along  a 
short  section  of  the  ridge  that  usually  included 
the  maximum  sail  height  of  the  ridge.  Over  80 
ridges  were  studied  in  this  manner.  One  major  goal 
of  these  investigations  was  to  measure  the  thick¬ 
ness  of  the  ice  blocks  in  the  ridge  because  it  in¬ 
dicates  the  thickness  of  the  ice  that  deformed  to 
create  the  ridge. 

Ridge  and  Ice  Block  Geometry 


Field  Studies 


We  have  extensively  studied  the  structure  of  first- 
year  pressure  ridge  sails.  The  majority  of  these 


Figure  4  shows  the  ridge  sail  height  plotted 
against  the  mean  block  thickness.  The  most  obvious 
feature  demonstrated  by  this  figure  is  that  ridge 
height  seems  to  be  a  function  of  block  thickness. 
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Figure  3,  Large  grounded  multi-year  ridge. 


Figure  4.  Sail  height  as  a  function  of  ice 
thickness. 


Such  a  relationship  was  first  hypothesized  by 
Parraerter  and  Coon  in  an  ice  ridging  model.  Their 
basis  for  the  limiting  height  concept  is  that  the 
parent  ice  sheet,  which  is  being  loaded  both  above 
and  below  by  ice  rubble,  eventually  fails  and  the 
ridge  subsequently  grows  wider  rather  than  higher. 
Other  height-limiting  possibilities  are  discussed 
below.  Another  important  finding  pointed  out  by 
this  figure  is  that  thick  ice  (>  1  m)  deforms  to 
create  ridges.  The  implication  is  that  if  environ¬ 
mental  driving  forces  are  sufficient,  thick  ice 
will  be  ridged  after  all  thin  ice  in  the  area  has 
been  consumed  by  the  ridging  process. 

The  curves  which  are  fitted  to  the  data  shown  in 
Figure  4  are  derived  from  energetic  arguments  that 
consider  the  two  major  forces  involved  in  ridge 
building;  potential  energy  and  friction.  Function¬ 
al  relations  between  ridge  height  and  ice  thickness 


were  established  when  these  forces  were  compared  to 
bending  and  buckling  modes  of  ice  failure.  The 
buckling  failure  analysis  results  in  sail  height 
being  a  function  of  the  square  root  of  ice  thick¬ 
ness.  This  accounts  for  two  of  the  curves  shown  in 
Figure  4,  the  best  fit  relation  to  all  data,  where 
the  constant  is  3.71,  and  a  type  of  limiting  height 
curve,  where  the  constant  is  5.24.  This  latter 
curve  originated  from  fitting  the  square  root  rela¬ 
tionship  to  sail  heights  which  exceeded  the  best 
fit  curve  by  more  than  one  standard  deviation. 
Bending  failure  analysis  results  in  sail  height  be¬ 
ing  a  function  of  the  fourth  root  of  ice  thickness. 
It  appears  that  the  buckling  failure  curve  provides 
the  best  fit  to  thinner  ice  while  bending  failure 
fits  the  thicker  ice  categories  best.  Theory  and 
laboratory  experiments  verify  that  thin  ice  is  more 
prone  to  buckling,  while  bending  failure  dominates 
in  thick  ice.  The  curves  point  out  that  the  mode 
of  ice  failure  taking  place  during  ridging  may  ul¬ 
timately  determine  the  limiting  ridge  height. 

Other  aspects  of  pressure  ridge  geometry  and  struc¬ 
ture  are  also  interesting.  As  might  be  expected, 
ridge  width  also  scales  well  with  sail  height. 

This  is  reasonable  in  that  slopes  of  first-year 
ridges  have  been  found  to  average  around  26  degrees 
without  excessive  scatter.  Regarding  the  variation 
of  ice  thicknesses  found  in  single  features,  some 
ridges  contained  as  many  as  three  distinct  block 
thicknesses.  This  probably  indicates  that  the  ice 
in  a  small  refrozen  lead  was  totally  consumed  in 
ridge  formation.  Subsequently,  driving  forces  were 
sufficient  to  continue  ridging  the  ice  sheets  that 
were  adjacent  to  the  lead.  Thick  multi-year  ice 
blocks  were  also  observed  in  ridges  on  an  infre¬ 
quent  basis. 

Block  surface  dimensions  also  scale  with  thickness. 
Figure  5  shows  the  length  of  the  major  surface  di¬ 
mension  plotted  against  thickness.  The  curves 
shown  give  the  best  least  squares  linear  fit  as 
well  as  the  best  fit  to  the  three-quarters  power  of 
ice  thickness.  The  motivation  for  the  power  law 
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Figure  5.  Block  length  as  a  function  of  block 
thickness. 


fit  was  to  assess  the  relation  of  the  block  length 
to  the  characteristic  length  of  the  ice,  which  is 
partially  a  function  of  the  three-quarters  root  of 
thickness.  The  mean  ratio  of  the  measured  block 
length  to  the  characteristic  lengths  is  1:4.5. 

This  is  somewhat  less  than  the  ratio  expected  when 
ice  fails  in  bending5  and  thus  may  be  indicative 
of  secondary  failure  of  the  blocks  occurring  during 
ridging.  Secondary  failure  can  include  blocks 
breaking  when  tumbling  from  the  pile  or  breaking 
under  their  own  weight  if  they  are  forced  into  can¬ 
tilevered  positions.  If  either  of  these  mechanisms 
contributes  to  the  size  reduction  of  the  blocks, 
then  blocks  in' ridge  keels  would  be  expected  to  be 
larger  because  the  buoyant  force  rather  than  grav¬ 
ity  dominates. 

Ridges  are  continuing  to  be  studied  when  appropri¬ 
ate  opportunities  become  available.  Recent  mea¬ 
surements,  carried  out  in  conjunction  with  investi¬ 
gators  from  the  Naval  Underwater  Systems  Center, 
Newport,  Rhode  Island,  have  included  measuring  as 
many  blocks  as  possible  along  a  given  ridge  sec¬ 
tion.  This  results  in  the  distribution  of  block 
sizes  for  the  ridge.  Measurements  of  vertical  ori¬ 
entation  of  the  blocks  have  also  been  made.  These 
measurements,  in  addition  to  those  discussed  above, 
have  been  used  to  describe  the  scattering  faces  of 
ridge  keels  in  the  NUSC  weapons  frequency  acoustic 
scattering  models.  The  structure  of  keels,  how¬ 
ever,  may  be  quite  different  from  that  of  sails. 
Serious  investigations  of  ridge  keels  are  now 
necessary  to  establish  the  relationships  between 
sail  and  keel  structure.  These  will  be  logistical- 
ly  very  difficult  and  we  cannot  hope  for  the  quant¬ 
ity  or  quality  of  measurements  that  exist  for 
sails.  However,  using  a  combination  of  high  reso¬ 
lution  sonar,  divers,  and  perhaps  submersible  vehi¬ 
cles,  we  should  be  able  to  obtain  enough  basic  in¬ 
formation  to  adequately  characterize  ridge  keel 
structure. 


3.  PHYSICAL  PROPERTIES 

The  physical  properties  of  sea  ice  in  the  Fram 
Strait  region  of  the  Greenland  Sea  were  investigat¬ 
ed  on  the  Marginal  Ice  Zone  Experiment  (MIZEX), 
which  took  place  in  June  and  July  1984.  These 
studies  were  conducted  from  the  FS  Polarstern,  a 
well-equipped  icebreaking  research  vessel.  Because 
this  vessel  visited  many  different  locations  within 
the  Fram  Strait  during  MIZEX,  it  provided  an  ideal 
platform  for  obtaining  ice  samples  over  a  relative¬ 
ly  large  area. 

The  Fram  Strait  is  the  major  ice  outflow  region  of 
the  Arctic  Basin.  Modeling  studies  3  have  indicated 
that  ice  discharging  through  the  Strait  can  origi¬ 
nate  in  essentially  any  part  of  the  Arctic  Basin. 
Ice  that  formed  in  the  western  Arctic  arrives  at 
the  Strait  via  the  Transpolar  Drift  Stream,  while 
that  from  the  Lincoln,  Barents  or  Kara  seas  can 
take  a  more  direct  approach  to  the  Strait.  Thus, 
the  Ice  examined  in  the  Fram  Strait  or  Greenland 
Sea  could  have  originated  in  any  number  of  differ¬ 
ent  areas  within  the  Basin.  This  suggests  that  if 
ice  properties  are  strongly  influenced  by  area  of 
origin,  then  a  large  variation  in  properties  might 
be  observed  in  this  small  area.  A  disadvantage,  of 
course,  is  that  exact  areas  of  origin  of  indtvdual 
floes  would  be  unknown. 

Very  few  studies  have  examined  the  crystal  struc¬ 
ture  of  sea  ice  in  addition  to  the  more  standard 
properties  of  temperature  and  salinity.  The  crys¬ 
tal  texture  has  been  shown  recently  to  have  signi¬ 
ficant  influence  on  ice  strength1  ,  and  thus  is  of 
interest  in  studying  practical  Navy  problems  deal¬ 
ing  with  the  penetration  of  ice.  In  addition,  the 
small  scale  structure  has  recently  been  shown  to 
affect  high  frequency  acoustic  scattering  from  the 
ice  underside0.  Thus  variations  in  small-scale 
properties  of  sea  ice  should  be  assessed  for  ice 
throughout,  the  Arctic. 

Field  Sampling 

The  locations  of  our  ice  sampling  sites  are  shown 
in  Figure  6.  The  sampling  program  was  conducted 
between  15  June  and  13  July  1984.  Individual  sites 
were  reached  either  directly  from  the  ship  or  by 
helicopter.  Using  the  helicopter  we  were  able  to 
effectively  extend  the  sampling  area  as  well  as 
choose  representative  floes  for  investigation. 

Forty  individual  floes,  ranging  in  diameter  from  30 
ra  to  several  kilometers,  were  sampled.  Occasional¬ 
ly  the  same  floe  was  sampled  at  more  than  one  loca¬ 
tion.  At  each  site,  two  cores  were  obtained,  one 
for  salinity  analysis  and  the  other  for  structural 
analysis.  Ice  temperatures  were  measured  on  one  of 
the  cores  immediately  after  removal  from  the  ice. 

On  board  Polarstern  the  salinity  samples  were  melt¬ 
ed  and  allowed  to  warm  to  room  temperature  (20°C). 
Salinity  values  were  then  obtained  from  conductiv¬ 
ity  measurements  of  the  resulting  solutions. 
Structural  analysis  of  the  ice  cores  was  much  more 
involved.  First,  we  documented  significant  strati¬ 
graphic  features  of  each  core.  The  locations  of 
banded  structure,  sediment  or  algae  layers,  bubbles 


Figure  6 


Ice  properties  sampling  locations. 


Figure  7.  Structural  schematic  of  undeformed  first-year  ice.  Arrows 
indicate  preferred  c-axis  direction. 


218 


and  variations  in  the  translucence  were  among  the 
features  noted.  Then  a  0.5-cm  vertical  thick  sec¬ 
tion  was  cut  from  along  the  entire  length  of  the 
core  with  a  bandsaw.  We  examined  this  thick  sec¬ 
tion  through  crossed  polaroids  to  determine  the 
overall  nature  of  the  crystal  structure  along  the 
length  of  the  core.  This  structural  description  of 
the  cores  included  observations  on  crystal  type 
(columnar  or  granular),  grain  size,  degree  of  pre¬ 
ferred  orientation  and  the  location  of  transition 
zones.  This  analysis  dictated  from  where  in  the 
core  vertical  and  horizontal  thin  sections  would  be 
selected  for  more  detailed  structural  investiga¬ 
tions. 

The  thin  sections  were  prepared  by  sawing  a  0.5-cm- 
thick  section  from  the  core,  freezing  it  to  a  glass 
slide  and  further  thinning  the  section  to  about  1 


mm  on  the  bandsaw.  Finally  a  microtome  was  used  to 
reduce  the  final  thickness  to  between  0.2  and  0.5 
ram.  At  this  thickness,  grain  boundaries  and  brine 
laraellae/ice  platelet  structure  of  the  crystals  are 
clearly  revealed  when  the  section  is  viewed  between 
crossed  polaroids.  A. total  of  approximately  300 
thin  sections  were  prepared  and  photographed.  A 
schematic  description  of  the  crystalline  texture, 
along  with  temperature  and  salinity  profiles  and 
thin  section  photographs,  has  been  prepared  for 
each  core.  Examples  of  this  type  of  ice  core  char¬ 
acterization  are  shown  in  Figures  7  and  8  for  unde- 
forraed  first-year  and  multi-year  ice  respectively. 

Results 

Of  the  40  individual  floes  that  were  sampled,  27 
were  multi-year,  9  were  first-year,  and  4  were  com- 


Figure  8.  Structural  schematic  of  undeformed  multi-year  ice. 
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Figure  9.  Bulk  salinity  as  a  function  of  ice  thickness  for 
first-year  and  multi-year  ice. 


posites.  The  composite  floes  generally  consisted 
of  multi-year  floes  with  undeformed  first-year  ice 
attached.  The  percentage  of  first-year  ice  sampled 
was  higher  than  the  relative  concentration  of 
first-year  ice  in  the  region  because  we  sampled 
first-year  ice  whenever  possible.  From  the  amount 
of  ridging  observed,  it  appeared  that  most  first- 
year  ice  was  deformed  prior  to  entering  Fram 
Strait.  The  first-year  ice  we  sampled  ranged  from 
38  cm  in  a  newly  frozen  lead  to  a  maximum  floe 
thickness  of  236  cm.  Multi-year  thicknesses  varied 
from  174  to  536  cm,  but  where  thicknesses  exceeded 
350  cm  the  ice  was  usually  associated  with  old 
pressure  ridges.  Excessive  snow  depths  often 
masked  multi-year  ice  ablation  features,  making  ice 
type  identification  difficult.  Depths  on  the 
multi-year  ice  ranged  from  3  to  65  cm  and  averaged 
28.5  cm.  Snow  on  the  first-year  ice  averaged  8  cm 
in  depth  and  never  exceeded  20  cm. 

The  salinity  profiles  positively  identified  the  ice 
as  either  first-year  or  multi-year  in  cases  where 
the  thickness  may  have  indicated  otherwise.  Multi¬ 
year  ice  had  a  mean  salinity  of  2.1  °/oo  and  the 
salinity  was  generally  very  low  (<  1  °/oo)  in  the 
upper  layers.  We  found  the  mean  salinity  of  first- 
year  ice  to  be  4.0  °/oo,  with  salinities  usually 
greater  than  2  °/oo  in  the  upper  layers,  although 
a  few  exceptions  were  noted.  As  the  melt  period 
progressed  from  mid-June  to  mid-July  the  mean 
salinity  of  the  first-year  ice  decreased  about  1 
°/oo,  while  the  multi-year  ice  showed  an  increase 
of  about  0.3  °/oo.  Figure  9  shows  the  variation 
of  mean  salinity  with  ice  thickness  for  both  ice 
types.  Both  show  a  slight  salinity  increase  with 
thickness.  For  multi-year  ice,  the  best  fit  re¬ 
gression  line  of  salinity,  S^,  to  thickness,  h,  is 

St  =  1.58  +  0 . 18h  (1) 


In  a  few  cases,  salinities  indicative  of  fresh  ice 
(near  zero)  were  observed  in  the  upper  10  cm  of 
first-year  ice.  The  fresh  ice  structure  was  also 
verified  by  the  crystal  analysis.  The  implication 
is  that  either  warming  earlier  in  the  year  melted 
some  of  the  snow  cover  or  rain  fell  on  the  ice.  In 
either  case  the  fresh  water  subsequently  refroze  on 
the  ice  surface.  In  contrast,  high  surface  salini¬ 
ties  of  3  to  5  °/oo  were  occasionally  observed  in 
multi-year  ice.  These  high  salinities  were  prob¬ 
ably  caused  by  seawater  flooding  of  the  surface  of 
the  floe. 


Analysis  of  the  crystal  structure  indicates  pre¬ 
dominantly  columnar  (congelation)  ice  structure  in 
both  multi-year  and  first-year  ice  floes.  Combin¬ 
ing  all  cores  gave  a  total  of  74%  congelation  Ice 
and  26%  granular  ice.  Figure  10  shows  that  small  £ 

amounts  of  granular  ice  were  found  in  nearly  every 
core.  This  is  not  surprising  in  that  sea  ice 
growth  generally  initiates  as  grease  or  slush 
ice11.  The  majority  of  the  granular  ice  that  we 
observed,  however,  was  associated  with  old  ridges. 

Within  ridges,  granular  ice  occurred  both  in  voids 

between  blocks  of  columnar  ice  and  near  the  bottoms 

of  the  ridges.  ™ 


Substantial  amounts  of  granular  ice  in  multi-year 
ridges  have  also  been  observed  in  the  Beaufort 
Sea16.  An  example  of  the  ice  structure  in  an  old 
ridge  fragment  is  shown  in  Figure  11.  We  found  a 
mixture  of  inclined  blocks  of  columnar  Ice  with 
granular  ice  between  those  blocks  In  the  upper 
meter.  The  lower  part  of  the  ridge  contained  more 
granular  ice  underlain  by  columnar  ice  representing 
recent  growth  on  the  bottom.  In  only  one  multi¬ 
year  ice  floe  lacking  evidence  of  ridging  did  we 
find  substantial  amounts  of  granular  ice. 

Another  interesting  structural  feature  observed  was 
the  variation  of  the  alignment  of  the  horizontally 
oriented  c-axes  of  the  columnar  crystals.  We 
found  every  conceivable  orientation,  ranging  from 
an  entire  core  containing  randomly  oriented  crys- 


This  least  squares  fit  is  in  excellent  agreement 
with  that  found  for  warm,  predominantly  Beaufort 
Sea  ice2. 
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Figure  10.  Percentages  of  congelation  and  frazil  (granular)  ice  versus  ice 
thickness. 
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9  Figure  11.  Structural  schematic  of  a  multi-year  ridge  fragment. 
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tals  to  cores  with  preferred  alignment  which  re¬ 
mained  constant  throughout  the  ice  thickness. 

Among  the  most  interesting,  however,  were  those 
cores  exhibiting  preferred  alignments  which  changed 
with  depth.  Figure  7  shows  such  an  example  where 
the  c-axes  were  well  aligned,  with  the  alignment 
direction  changing  with  depth  except  at  the  bottom 
where  no  alignment  is  evident.  Strong  c-axis 
alignments  are  believed  to  indicate  a  stable  growth 
environment  in  which  the  c-axes  are  oriented  paral¬ 
lel  to  the  current  direction  at  the  growth  inter¬ 
face^  Accordingly,  changes  in  alignment  di¬ 

rection  with  depth  reflect  relative  changes  of  the 
orientation  of  the  ice  with  respect  to  the  cur¬ 
rents.  Lack  of  preferred  orientation,  as  on  the 
bottom  of  the  core  in  Figure  7,  probably  indicates 
continual  rotation  of  the  floe  on  its  passage 
through  Fram  Strait. 


4.  CONCLUSIONS 

Ridge  Morphology 

The  studies  of  the  structure  of  first-year  pressure 
ridges  have  resulted  in  several  significant  conclu¬ 
sions. 

Ridge  height  and  width  have  been  found  to  to  be 
a  function  of  the  thickness  of  the  ice  that  de¬ 
formed,  indicating  a  limiting  height  mechanism. 

Ice  thicker  than  l  m  was  observed  in  pressure 
ridges.  This  indicates  that  environmental  driv¬ 
ing  forces  are  sufficient  to  deform  thick  ice  if 
all  thin  ice  in  the  area  has  been  consumed. 

In  addition  to  ice  failure  in  bending,  the  buck¬ 
ling  mode  of  failure  is  indicated  by  an  analysis 
which  considers  functional  arguments  of  the  ma¬ 
jor  forces  involved  in  ridging. 

Block  lengths  in  the  sails  are  less  than  those 
expected  for  bending  failure.  The  indication  is 
that  secondary  failure  of  the  blocks  in  the  sail 
is  taking  place  during  ridge  building. 


Ice  Properties 

Our  observations  of  sea  ice  in  the  Fram  Strait  dur¬ 
ing  June  and  July  1984  lead  to  the  following  con¬ 
clusions  : 

The  amount  of  multi-year  ice  in  the  Fram  Strait 
greatly  exceeded  the  amount  of  first-year  ice. 

Snow  as  deep  as  65  cm  was  observed  on  multi-year 
ice  while  little  (generally  less  than  10  cm)  was 
evident  on  first-year  ice. 

The  ice  salinities  measured  here  agree  well  with 
salinities  of  warm  sea  ice  measured  elsewhere  in 
the  Arctic. 

The  ice  structure  consisted  primarily  of  colum¬ 
nar-type  crystals.  Granular  ice  was  found  in 
small  amounts  in  surface  layers  and  in  much 
larger  amounts  in  old  ridges. 


Preferred  alignments  of  horizontally  oriented 
c-axes  were  commonly  observed.  Indicating  a  sta¬ 
tionary  environment  with  regard  to  the  currents 
during  the  growth  of  the  ice  layer.  This  align¬ 
ment  frequently  changed  direction  with  depth, 
indicating  episodes  of  movement  and  immobiliza¬ 
tion  of  the  floe  during  its  growth  history. 
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ABSTRACT 

Under-Ice  profiles  obtained  in  the  fall  in  the 
Beaufort  Sea  with  an  upward  looking  sonar  were 
used  to  examine  three  dimensional  structures  in  a 
variety  of  ice  environments .  Parallel  tracks,  2km 
in  length,  with  separations  from  lO-lOOOm,  were 
examined  for  coherence  and  phase  in  the 
wavenumber  band  from  0.005-0.5  m  '  Significant 
coherence  (0.90  level),  was  estimated  at  a  wide 
range  of  wavenumbers  at  the  three  sites, 
corresponding  to  ridge  spacing,  width,  and 
variability,  and  individual  large  block  dimensions. 
For  lower  wavenumbers,  coherence  did  not 
necessarily  decrease  monotonically  with  increased 
track  separation.  A  reasonable  comparison  can 
often  be  made  between  triads  of  coherence  peaks 
for  block  wavenumbers,  and  results  of  a  model 
relating  Ice  thickness  to  block  dimensions. 

I. INTRODUCTION 

Previous  studies  of  the  three  dimensional  character 
of  the  underside  of  Arctic  sea  ice  have  included 
analysis  of  individual  track  statistics  in  a  complex 
pattern  ’,  and  mapping  of  small  scale  structures 
with  an  upward-looking  sonar  deployed  through  a 
hole  In  the  Ice.  Three  dimensional  structures  and 
their  spatial  orientation  have  been  inferred  using  a 
geometric  argument  applied  to  autospectra  obtained 
from  orthogonal  track  segments  2,  and 
two-dimensional  power  spectra  have  been  estimated 
for  ice  upper  surface  data  obtained  using  a  laser 
profiler-3.  In  this  latter  study,  anisotrophy  was 
observed  over  a  range  of  scales  including  structures 
from  snow  dunes  to  ridge  sails. 

In  the  present  study,  under-ice  profiles  of 
approximately  2km  length  were  obtained  in  starlike 
patterns  at  three  diverse  sites  in  the  Beaufort  Sea 
during  Fall  1982.  Data  were  obtained  with  a  high 


resolution  upward-looking  sonar  mounted  on  a 
submarine  transiting  at  speeds  of  6- 1 1  kt  and  a 
depth  of  approximately  70m.  This  sampling  mode 
aquires  data  with  a  footprint  of  about  2m  at  track 
intervals  of  0.5- 1.5m  length.  Autospectra 
estimated  from  these  high  resolution  data  4  show  a 
wavenumber  dependance  closer  to  k'2,  rather  than 
the  k'3  dependance  previously  estimated  ^  .  In  our 
paper,  we  take  the  next  step  with  these  data  and 
present  a  coherence  and  phase  analysis  of  all 
parallel  track  segments  in  order  to  evaluate 
correlations  of  structure  with  wavenumbers  from 
0.005-0.5  m"',  at  separations  from  10- 1 000m.  In 
this  wavenumber  band  under-ice  features  include 
structures  such  as  keel  spacing  and  width,  and 
rubble  fields  (0.05  m~  ’  <  k),  ridqe  variability  and 
large  blocks  (0.05  <  k  <  0.25  m-’),  and  blocks  and 
rubble  (k  >  0.25m'1). 

The  three  areas  of  study  in  the  Beaufort  Sea  were 
designated  as  Sites  7,  8,  and  9,  respectively.  A 
summary  of  the  individual  runs  taken  at  these  sites 
is  presented  in  Table  1,  including  ice  environment, 
and  a  description  of  all  of  the  parallel  legs.  Both 
Sites  7  and  9  are  within  the  Offshore  Province  and 
Site  8  in  the  Central  Arctic  Basin  Province  ^  in  a 
region  of  transition  between  the  two  major  drift 
features  in  Arctic  circulation,  the  Pacific  Gyral  and 
the  Transpolar  Drift  Stream.  Site  7  (Figure  1 )  can 
be  characterized  as  being  made  up  of  thin  first  year 
ice  with  imbedded  second/multi-year  ice  floes 
from  the  presence  of  long  stretches  of  undeformed 
ice  with  thicknesses  of  0.3m  and  also  ice  greater 
than  2.5m  thick.  Site  8  (Figure  2)  can  be 
characterized  as  heavily  ridged  multi-year  pack  ice, 
due  to  the  prescence  of  rugged  ice  topography  in  a 
field  of  undisturbed  ice  with  a  minimum  thickness 
of  approximately  2.5m.  Site  9  (Figure  3)  can  be 
characterized  as  heavily  ridged  medium  first  year 
ice  due  to  the  prescence  of  many  small  ridges 
within  a  field  of  undisturbed  ice  of  approximately 
1.0m  thickness.  For  the  three  sites, 7, 8,  and  9,  the 
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average  number  of  ridges/km  was  6.5, 143,  and  8.6 
.respectively ,  based  on  a  Rayleigh  criteria  for 
resolving  individual  ridges^. 


SITE  7-RUN  C 


S-i 

I 


2  METHODOLOGY 

Ice  profile  data  from  the  upward-looking  sonar  and 
relative  position  data  from  the  submarine 
self-tracking  system  were  obtained  at  the  rate  of 
5.9  and  1.0  samples/sec,  respectively.  The 
Individual  tracking  sequences  run  at  each  site  were 
combined  into  a  two-dimensional  spatial  pattern  by 
superimposing  a  fixed  point  in  space  common  to  the 
Individual  patterns,  and  properly  orienting  the 
patterns  with  respect  to  north.  The 
three-dimensional  ice  morphology  diagrams 
presented  above  (Figures  1,2,3)  were  prepared  by 
mapping  all  data  at  a  particular  site  to  a  50m  x  50m 
grid  using  a  scheme  in  which  data  points 
contributing  to  a  grid  value  are  weighted  inversely 
as  the  square  of  their  distance  from  the  grid  point. 
The  sloping  sides  of  each  sampled  region  and  flat 
topography  in  unsampled  regions  are  artifacts  of  the 
chosen  mapping  procedure. 

In  preparation  for  the  coherence/phase  analysis, 
data  taken  at  a  constant  temporal  sampling  rate,  but 
variable  transit  velocities,  were  interpolated  into 
constant  spatial  interval  samples.  This  procedure 
was  particularly  important  for  a  comparison  of 
inbound  and  outbound  legs,  whose  transit  speeds 
could  differ  by  several  knots.  The  sampling  interval 
chosen  for  the  interpolated  space  series  was  based 
on  the  more  poorly  resolved  outbound  leg. 

Parallel  track  segments  of  interpolated  data, 
sampled  at  approximately  Im  intervals,  were  chosen 


for  the  coherence/phase  analysis  Space  series  of 
2048  points  were  inout  to  a  FFT  ®  based  program 
which  removed  the  mean,  multiplied  the  data  by  a 
Hanning  function  to  reduce  leakage  in  wavenumber 
space,  compute  raw  Fourier  amplitudes  in  data 
segments,  and  ensemble  averaged  these  coefficients 
to  compute  autospectra,  cross-spectra,  coherence 
(squared),  and  phase.  For  the  16  degrees  of  freedom 
of  these  results,  the  significance  level  at  the  0.90 
confidence  level  is  0.14  Error  bars  on  the 
individual  coherence  estimates,  a  function  of  the 
number  of  degrees  of  freedom  and  the  coherence 
estimate,  itself,  were  also  obtained.  Combining  the 
significance  level  with  error  bar  tables  indicates 
that  coherences  greater  than  0.31  are  significant 
at  the  0.90  confidence  level  for  this  study.  The  sign 
convention  for  phase  used  in  this  study  is  that  if  the 
second  (lower)  space  series  lags  the  first  (upper) 
space  series  the  phase  has  values  between  0-n 
radians,  while  if  the  second  space  series  leads  the 
first  the  phase  has  values  between  n-2fT  radians. 

3.  RESULTS 

The  most  complete  example  of  parallel  track 
segments  obtained  at  a  fixed  azimuth  at  a  given  site 
are  from  the  306*  azimuth  at  Site  8  (Figure  2). 

Here,  separations  from  0.04-0.39km  were  available 
for  coherence  estimation.  Space  series  for  the 
0.04km  separation,  interpolated  as  previously 
described,  are  presented  in  Figure  4.  Inspection  of 
the  two  records  shows  a  similarily  of  structures 
over  a  range  of  scales  from  ridges  with  1 2- 1 4m 
drafts  to  small  scale  variability  with  several  meter 
drafts.  Indeed,  coherence  estimates  obtained  from 
these  data  (Figure  5)  indicate  significant  coherence 
(at  the  0.90  confidence  level)  in  each  of  the  three 
generic  wavenumber  bands.  In  the  lowest 
wavenumber  band,  significant  coherence  is  found  for 
k  <  0.01m'1,  corresponding  to  a  wavelength  L 
>100m,  with  phase  decreasing  from  0  to  -n/2  with 
increasing  k.  In  the  midrange  wavenumber  band 
several  significant  peaks  were  found,  with 
maximum  coherence  at  0.19m'1  (L  =  5.3m),  and 
corresponding  positive  phase  (~n/2).  In  the  high 

wavenumber  regime,  significant  coherence  is  found 
at  approximately  6  wavenumber  bands,  with 
maximum  coherence  fork  =  0.41m"1  (wavelength,  L  = 
2.4m).  Summarizing  these  results,  the  occurence  of 
significant  coherence  over  a  wide  range  of 
wavenumbers  from  ridges  to  blocks,  at  a  separation 
of  0.04km,  was  not  expected.  The  question  arises 
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whether  these  results,  at  lower  coherence  values 
are  typical  for  other  separations  at  the  same 
azimuth,  at  other  fixed  azimuths  at  Site  8,  and  at 
the  other  Sites  7  and  9. 

First,  the  above  analysis  was  repeated  for  track 
segments  also  taken  at  306'  azimuth  for 
separations  of  0.09,  0. 1 2,  0. 1 9,  0.3 1 ,  and  0.36km, 
respectively.  While  coherence  estimates  for  the 
0.09km  separation  (not  shown)  generally  agree 
qualitatively  with  the  0.04km  separation  results, 
although  at  lower  coherence  levels,  results  for  the 
0.12km  separation  (Figure  6)  show  a  decreased 
number  of  significant  coherence  values  and  lower 
estimates  in  the  three  generic  wavenumber  regimes. 
For  the  low  and  midrange  regimes,  only  marginally 
significant  values  were  obtained.  For  the  high 
wavenumber  regime  four  significant  peaks  were 
observed,  with  a  maximum  estimated  at  0.34m" 1  (L 
•  2.9m)  and  0.49  m'kL  «  2.0m)  .comparable  to  the 
maximum  obtained  for  the  0.04km  separation 
results  obtained  above.  This  comparison  suggests 
that  the  block-like  scales  at  the  larger  separation 
remains  coherent,  although  the  ridge  variability  and 
ridges  themselves  are  incoherent.  Thus  at  0.09km 
separation  we  may  have  left  the  particular  ridge 
structure  which  was  coherent  at  0,04km  separation. 

Coherence  estimates  for  the  0. 19km  separation 
(Figure7)  show  an  increased  number  of  significant 
coherence  values  and  higher  estimates  than  for  the 
0.12km  separation.  For  the  low  wavenumber  band 
significant  coherence  is  found  at  0  .04m''(L  =  25m), 
while  for  the  midrange  the  maximum  occurs  at 
0.21m"'(L  »  4.8m).  For  the  high  wavenumber  band, 
the  maximum  coherence  occurs  at  0.34m" 1  (L  =  2  9). 
For  this  case,  the  sampling  interval  was  too  large  to 
resolve  scales  greater  than  k  -  0.43m" 1 ,  and  thus 
the  0  46-0.47m"'  estimates  obtained  above  could 
not  be  made.  These  results  show  that  the  0. 1 9km 
separation  was  in  a  region  in  which  the  midrange 
and  low  wavenumber  components  more  closely 
resembled  the  0.04km  than  the  0.09km  separation 
results,  and  suggests  that  the  ridging  structure  and 
variability  may  occur  at  approximately  0.2km 
spacing. 

At  the  next  largest  separation,  0.31km,  fewer 
significant  peaks  and  generally  lower  coherence 
values  were  estimated  than  at  0.19km  separation. 
The  low  wavenumber  maximum  occurs  at  0.0 1  m" 1 , 
the  midrange  maximum  at  0  07m" 1 ,  and  the  high 


wavenumber  maximum  occurs  at  0.40  m"  '•  This 
pattern  is  repeated  at  0.36km,  where  the  number  of 
significant  points  and  the  estimates,  themselves, 
are  further  reduced.  Here,  the  only  large  coherence 
estimates  occur  in  the  midrange,  with  a  maximum  at 
0.08m"1. 

Another  look  at  coherence,  for  a  variety  of  ranges, 
at  a  different  azimuth  at  Site  8,  is  provided  by  data 
taken  at  90’  at  0.06,  0.29,  and  0.44km.  Coherence 
estimates  for  the  0.06km  separation  show 
significant  coherence  in  each  of  the  three 
wavenumber  bands,  similar  to  results  previously 
shown  for  the  0.04km  separation  described  above. 

In  the  lowest  wavenumber  band,  significant 
coherence  is  found  for  a  range  of  scales  with  peak 
value  at  0.02m",(L  =  50m).  In  the  midrange 
wavenumber  band  four  significant  peaks  are  found, 
with  the  maximum  at  0.1  lm"'(9.!m).  In  the  high 
wavenumber  range,  four  significant  peaks  are  found, 
with  the  maximum  found  at  0.27m"  '(3.7m).  Results 
for  the  0.29km  separation  also  show  multiple 
coherent  peaks  in  each  of  the  three  generic 
wavenumber  bands,  but  in  contrast,  the  number  of 
peaks  and  coherence  values,  themselves,  are  reduced 
for  the  0.44km  separation  estimates. 

In  order  to  consider  the  effects  of  different  ice 
regimes  on  coherence,  two  examples  will  be 
considered  which  compare  similar  track  separations 
at  different  sites.  For  this  comparison,  azimuth 
will  be  ignored  due  to  the  rotational  motion  possible 
in  the  ice  canopy.  Results  for  a  Site  7,  0.22km 
separation  (Figure  8)  and  a  Site  9,  0.22km 
separation  (Figure  9)  closely  resemble  the  Site  8, 
0.19km  separation  results  described  above.  For  the 
Site  7  data,  significant  coherence  was  found  in  the 
low  wavenumber  band  at  0.045m"  '(22.2m).  In  the 
midrange  ,  three  significent  peaks  were  found  with 
maximum  at  0.20m" '(5m).  For  the  high  wavenumber 
band,  five  peaks  are  found,  with  a  maximum  at 
0.28m"  '(L  =  3.6m).  For  the  Site  9  data,  significent 
coherence  was  also  found  in  the  low  wavenumber 
band  at  0.045m" '(L  =  22.2).  For  this  site,  in  the 
wavenumber  midrange  three  peaks  were  observed 
with  the  maximum  at  0.24m" '(L  =  4.2m).  For  the 
high  wavenumbers,  three  peaks  were  observed,  with 
the  maximum  occuring  at  0.44m"'(L  =  2.3m).  The 
similarity  of  results  between  the  three  sites  at 
approximately  the  same  separation  is  another 
unexpected  result  given  the  different  ice  regime  and 
ridge  formation  processes  at  the  sites.  This  result 
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is  further  reinforced  considering  another  Site  7  run 
at  0.09  km  separation.  Similar  to  the  0.09km 
results  obtained  for  Site  8  above,  the  coherence  was 
low  in  value  and  few  peaks  occured  in  any  of  the 
generic  wavenumber  bands. 

4.  DISCUSSION 

In  the  low  wavenumber  band  corresponding  to 
k  <  0.5m”*,  coherence  did  not  monotonicaily 
decrease  with  increasing  separation  as  expected. 
This  band  includes  ridge  spacing,  ridge  widths, 
and  such  phenomena  as  rubble  fields  and 
multi-year  ice  floes  imbedded  in  regions  of 
extensive  first  year  ice  Rather,  results  suggest 
that  ridge  and  rubble  field  features  in  this  band 
may  be  occuring  intermittently.  From  the  observed 
mean  ridge  spacing  we  would  expect  high 
coherence  at  wavenumbers  near  0.006,  0.0 1 4  and 
0.008m  *  for  Sites  7,  8  and  9,  respectively. 
Assuming  that  the  mean  angle  of  attack  of  the  data 
gathering  is  45°  to  the  ridge  axis,  and  noting  that 
the  mean  angle  of  repose  for  all  the  data  analyzed 
thus  far  is  30°  7,  we  can  determine  the  mean 
effective  ridge  width  from  the  mean  ridge  depth 
for  each  site.  These  wavelengths  correspond  to 
0.027,  0.0 1 8  and  0.023  m" 1  for  Sites  7,  8  and  9, 
respectively. 

The  ridge  width/spacing  wavenumber  band, 
determined  from  two  independant  statistics,  is 
particularly  narrow  (.0 1 4-.0 1 8m“ ' )  for  Site  8 
compared  to  results  for  the  other  sites.  For  Site 

8,  we  find  high  coherence  for  closley  spaced 
tracks,  as  might  be  expected,  at  0.04km  (306° 
azimuth),  .06km  (90°)  and  to  a  lesser  extent  at 
0.09km  (306°).  There  is  low  coherence  for  track 
separations  of  0.12  and  0.19km  (  both  at  306°), 
high  coherence  at  0.31km  (306°  )  and  0.29km  (90° 

),  and  virtually  none  at  0.44km.  The  ridge  width/ 
spacing  band  is  broader  for  Site  7,  (0.006  - 
0.03m  * )  then  Site  8,  but  in  the  three  parallel 
tracks  we  have  relatively  little  coherence  at 
0.09km  separation  and  high  coherence  at  0.220  and 
0.80km.  For  site  9  the  keel  width/keel  spacing 
band  (0.008-  0.023m”*)  is  also  broader  than  for 
Site  8.  For  the  one  set  of  parallel  tracks  at  Site 

9,  with  0.22km  separation,  we  find  no  coherence 
in  this  band.  The  above  results  for  the  three  sites 
are  consistent  with  results  for  a  non-homogeneous 
ice  field  in  which  ridge  structures  with  associated 
ridge  spacings  and  widths  are  intermittent  with 


other  uncorrolated  structures.  These  results  are 
in  qualitative  agreement  with  analyses  of  photo 
mosaics  of  the  upper  ice  surface  *®  in  the 
Beaufort  Sea  near-shore  zone  and  main  Ice  pack 
where  shear  and  pressure  ridges,  respectively, 
were  the  ordered  'patches'  imbedded  in  a  field  of 
randomly  oriented  features.  For  Site  7,  large 
multi-year  ice  floes  could  provide  the  'patches', 
i.e ,  be  the  source  of  nonrandom  deformation  in  a 
field  of  thin  first  year  ice.  For  Site  8  we  can  only 
speculate  on  the  source  of  the  0.2  km  patch  of 
nonrandom  structure,  e.g.  It  could  be  a  zone  of 
several  linear  shear  ridges  in  an  area  dominated  by 
curvilinear  pressure  ridges. 

In  the  mid-range  of  wavenumbers,  corresponding 
to  0  05  <  k  <  0.25m”  ’ ,  coherence  also  did  not 
decrease  monotonicaily  with  increased  track 
separation.  Some  of  the  longer  scales  in  this  band, 
corresponding  to  ridge  variability,  behaved  much 
like  the  ridge  structures  themselves.  Indeed, 
these  scales  of  order  10m  have  previously  been 
observed  to  correspond  to  ridge  variability  ' '  or 
variability  associated  with  individual  floes,  with 
associated  vertical  scales  of  order  lm  *^.  For  the 
shorter  scales  contained  in  the  mid-range  of 
wavenumbers,  the  results  indicated  behavior  more 
like  long  block  dimensions,  as  described  below. 

In  the  high  wavenumber  band  ,  corresponding  to  k  > 
0.25m”1 ,  most  of  the  blocks  and  rubble  occur.  We 
would  expect  to  see  high  coherence  for  close 
parallel  tracks  which,  have  sampled  the  same  ridge 
for  part  of  the  track.  For  first  year  pressure  ridges, 
high  coherence  might  be  expected  to  occur  in  a 
triad  of  coherent  wavenumber  bands  for  ridge 
building  processes  involving  one  ice  thickness.  The 
triad  would  include  characteristic  block  length, 
width  and  thickness.  A  useful  empirical  relationship 
has  been  developed’  ’  between  block  length  (1)  and 
thickness  (t)  for  first-year  sea  ice  in  ridges.  Their 
results  show  that 

1  =  2.85  t  3/4 

with  a  correlation  coefficient  of  0.90,  and  the  ratio 
of  width  to  length  has  been  found  ’  ’  > ’ 3-  ’ 4  to  be  a 
constant,  insensitive  to  block  thickness,  where  the 
ratio  w/1  =  0.65+  0.08.  A  significant  number  of 
ridges  also  show  bimodal  block  thickness 
distribution  (35-40%)  and  10%  were  made  up  of 
three  or  more  ice  thickness  catagories*4 
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TABLE  1:  SITE  SUMMARY 


SITE 

PROVINCE 

ICE  CHARACTER 

NO.  PARALLEL  LEGS, 
SEPARATION  (m) 

7c 

Offshore 

Thin  first  year 
Multi-year  floes 

3(60,250,1000) 

8C 

Central  Arctic 
Basin 

Heavily  Ridged 
Multi-year 

5(40,50,1  10,200,300) 

8f 

Central  Arctic 
Basin 

Heavily  Ridged 
Multi-year 

4(  1 0, 1 20, 1 000) 

9C 

Offshore 

Heavily  Ridged 
Medium  first  year 

1(250) 

FIGURE  CAPTIONS 


Figure  I.  Three  dimensional  ice  morphology  for  Site  7  The  data  have  been 
mapped  to  a  50m  grid,  which  is  shown.  The  sloping  boundaries  of 
the  sampled  regions  are  an  artifact  of  the  mapping  process. 

Figure  2.  Three  dimensional  ice  morphology  for  Site  8,  mapped  to  a  50m 
grid. 

Figure  3.  Three  dimensional  ice  morphology  for  Site  9,  mapped  to  a  50m 
grid. 

Figure  4.  Ice  morphology  (m)  for  Site  8,  306*  azimuth.  The  lateral 
separation  of  the  tracks  is  0.04km  The  track  designator 
indicates  the  site,  pattern,  and  leg. 

Figure  5.  Coherence  and  phase  estimates  for  the  Site  8,  306’  azimuth, 
0.04km  separation  data  shown  in  Figure  4.  Coherence  values 
above  0.3 1  are  significant  at  the  0.90  confidence  level. 

Figure  6.  Coherence  and  phase  estimates  for  the  Site  8,  306'  azimuth, 

1 2km  separation.  Coherence  values  above  0.3 1  are  significant  at 
the  0.90  confidence  level. 


Figure  7.  Coherence  and  phase  estimates  for  the  Site  8,  306'  azimuth, 

0. 1 9km  separation.  Coherence  values  above  0.31  are  significant 
at  the  0.90  confidence  level. 

Figure  8.  Coherence  and  phase  estimates  for  Site  7,  at  0.22km  separation. 
Coherence  values  above  0.31  are  significant  at  the  0.90 
confidence  level. 

Figure  9.  Coherence  and  phase  estimates  for  Site  9,  at  0.22km  separation. 
Coherence  values  above  0.31  are  significant  at  the  0.90 
confidence  level. 
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For  Site  7,  the  likely  candidate  for  ridge  building 
material  was  0.3m  thick  undeformed  ice.  According 
£  to  the  above  relationship,  the  wavenumber  peaks 

associated  with  the  block  dimensions  would  be 
expected  at  0.87,  1.29  and  3.33m-1,  wavenumbers 
exceeding  the  sampling  used  here.  The  high 
coherence  found  for  the  track  separated  by  0.22km 
may  be  due  to  features  associated  with  the 
•  multi-year  ice  floes,  for  which  there  exists  very 

little  information  on  small  scale  features. 


For  Site  9  there  were  fairly  long  stretches  of 
undeformed  ice  that  ranged  in  thickness  between 
0.9- 1.0m.  High  coherence  peaks  in  wavenumber 
would  be  expected  to  occur  at  1 .0,  0.54  and  0.36 
m-1  We  find  peaks  at  0  44  and  0.39,  and  1.0  is 
beyond  our  sampling  capability. 
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0.60km  it  is  possible  to  make  an  argument  for  a 
bimodal  block  thickness  distribution  with  the  four 
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paired  with  0.435m-1  peak  (w/1  =  0.62),  and  the 
0  35m- 1  peak  paired  with  the  0.5m- 1  peak  (w/1  = 
0.70).  A  second  set  of  parallel  tracks  ,  with  a  40m 
separation,  may  also  have  sampled  the  similar  ridge 
phenomena  in  the  block  and  rubble  generic 
wavenumber  band  (shown  in  Figure  8).  We  can  come 
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In  future  experiments  we  hope  to  obtain  better 
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include  the  building  blocks  for  first  year  ice  in  our 

•  coherence  analysis.  These  data  are  obtainable  with 
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more  highly  sampled  conventional  sonar  survey  or 

•  the  high  resolution  imaging  sonar. 
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ABSTRACT 

In  principle,  broad  sheets  of  sea  ice  tend  to 
form  polycrystalline  aggregates  with  transverse 
isotropy.  The  elastic  tensor  of  transverse 
isotropy  is  described  by  five  independent 
constants  [A.  E.  H.  Love,  The  Mathematical  Theory 
of  Elasticity  (University  Press,  Cambridge,  1927) 
p.  160]  while  only  two  independent  constants  are 
needed  to  describe  the  isotropic  elastic  tensor. 
Herein,  we  develop  an  effective  elastic  tensor 
for  sea  ice  by  assuming  a  nearly  isotropic, 
transverse  isotropy  for  broad  sheets  of  sea  ice. 
We  describe  the  deviation  from  isotropy  by  a 
virtual,  finite  perturbing  strain  which  maintains 
transverse  isotropic  sea  ice.  By  a  perturbation 
expansion,  we  show  that  the  coefficients  of  this 
effective  elastic  tensor  for  sea  ice  may  be 
described  by  only  four  independent  constants. 

The  relationship  among  the  coefficients  of  this 
effective  elastic  tensor  are  developed  in  terms 
of  the  four  independent  constants. 


•  1.  INTRODUCTION 

Sea  ice  is  a  polycrystal  1 ine  aggregate  that 
forms  in  broad,  horizontally  stratified  sheets. 
This  stratification  manifests  a  transverse 
isotropy  to  first  approximation  (the  term  sea  ice 
is  reserved  herein  for  pack  ice).  Polycrys- 
talline  aggregates  with  transverse  isotropy 

•  (along  the  x,y-plane)  have  second-order  strain 
coefficients  for  an  elastic  tensor  that  can  be 
described  by  five  independent  constants  such 
that:l >2 

C11  *  C22;  C33 ;  C]2  =  C21 ; 

•  c13  =  C23  =  C32  =  c  31 ; 


c44  =  C55 ;  C66  =  (c]]  -  ci 3 )/2 

where  all  other  second-order  coefficients  are 
equal  to  zero. 

Herein,  we  examine  the  elastic  tensor  for  sea 
ice  under  the  assumption  that  it  has  nearly 
isotropic,  transverse  isotropy.  By  this 
assumption,  the  difference  between  the  symmetry 
of  the  polycrystall ine  aggregate  for  sea  ice  and 


isotropic  aggregates  of  ice  is  small.  Our 
hypothesis  is  that  elastic  tensor  of  horizotally 
stratified  sea  ice  may  be  described  by  a  small, 
virtual  perturbation  of  isotropic  polycrystil 1 ine 
aggregates  of  ice.  This  virtual  perturbation  is 
time-independent  and  reduces  the  symmetry  of  the 
isotropic  polycrystall ine  aggregate  of  ice  to 
transverse  isotropy.  The  perturbation  is 
sufficiently  small,  but  finite,  so  that  a 
perturbation  expansion  of  the  elastic  energy 
density  function  need  only  consider  a  power 
series  in  strain  up  to  third-order  terms.  (While 
the  elastic  tensor  is  second  order  in  strain,  it 
is  actually  a  fourth-order  tensor  as  strain 
itself  is  a  second-order  polar  tensor.  Likewise, 
the  third-order  elastic  coefficients^  are 
actually  elements  of  a  sixth-order  tensor  as 
they  are  third-order  coefficients  for 
second-order  tensors.  Herein,  we  shall  denote 
the  coefficients  by  order  of  strain  except  where 
explicitly  noted  to  be  the  actual  tensor  order.) 
The  perturbation  that  we  apply  herein  is  a  simple 
virtual  strain  that  induces  a  preferred  vertical 
direction  which,  in  turn,  reduces  isotropy  to 
transverse  isotropy.  An  effective  elastic  tensor 
(second  order  in  strain)  may  then  be  developed 
for  this  perturbed  system  for  subsequent  strains 
much  smaller  than  the  perturbing  virtual  strain. 
We  then  proceed  to  develop  the  relationships 
among  the  second-order  coefficients  of  this 
effective  elastic  tensor.  We  also  show  herein 
tha't  the  second-order  coefficients  for  such  an 
effective  elastic  tensor  for  transverse  isotropy 
that  is  nearly  isotropic  may  be  described  by  only 
four  independent  constants. 


2.  THEORY 

For  isotropy,  the  second-order  elastic 
coefficients  are  well  known  and  may  described  by 
two  independent  constants  such  that: 


C11  =  C22  =  C33; 

C1 2  “  ci 3  =  C23  =  C32  =  C31  =  C21 ; 

c44  =  C55  =  C66  =  (cn  -  ci 2 )/2 

where  all  other  coefficients  are  zero.  For 
isotropy,  the  third-order  elastic  coefficients 
are  given  by4,5 
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cm  =  C222  =  C333; 

C1 22  =  C1 33  =  C31 1  =  C211  =  C233  =  C322 
and  equal  to  the  other  permutations  of  the 
subscripts  thereof; 

c123  egual  to  the  other  permutations  of  the 
subscripts  thereof; 

C1 44  =  C255  =  C366  =  (Cl 22  -  Cl 23 )/2 
and  equal  to  the  other  permutations  of  the 
subscripts  thereof; 

C1 55  =  Cl  66  =  C244  =  C266  =  C344 

=  C355  =  (Cm  -  C122)/4  and  equal  t0 
the  other  permutations  of  the  subscripts 
thereof; 

c456  =  (Cm  +  2Ci 23  -  3Ci22>/8  and 
equal  to  the  other  permutations  of  the 
subscripts  thereof. 

All  other  third-order  elastic  coefficients  are 
zero. 

Let  us  perturb  an  isotropic  material  with  a 
virtual,  static,  finite  strain  of  only  one 
component,  £zz.  This  virtual  strain  manifests 
the  horizontal  stratification  of  sea  ice  and 
reduces  the  symmetry  from  isotropy  to  transverse 
isotropy.  $zz  is  mathematically  convenient; 
otherwise  our  results  would  be  invariant  with 
other  strains  that  maintain  tranverse  isotropy. 
The  perturbing  strain,  zZZt  is  sufficiently 
small  so  that  the  perturbed  elastic  energy 
density  function,  U,  for  additional 
infinitesimal,  but  real  strains,  e-jj  where  i ,  j 
*  x,y,z,  may  be  described  by  a  power  series 
expansion  in  strain  up  to  the  third  order. 


U  “  (cy|/2)[  +  ^y  +  ^ZZ  +  eZZ^  ^ 

+  C12teyy(52Z  +  ezz>  +  <5ZZ 

+  ezz^exx  +  exxeyy^ 

+  C  (c11  -  C-|  2)/41C£yZ2  +  eZX2  +  exy2^ 

+  (Cm/6)[exx3  +  Eyy3  +  (5ZZ  +  ezz)3] 

+  (C-|22/2)[exxeyy"  +  exx2eyy 

+  Eyy^zz  +  Ezz^ 

+  EyyZ^zz  +  Ezz^ 

+  ^Czz  +  Ezz^Exx^ 

+  ^zz  +  ezz^2exx^ 

+  C123^Exxeyy^zz  +  ezz^ 

+  C (C-j 22  -  cl23^/4^exxEyz"  +  EyyEzx‘ 

+  ^zz  +  Ezz^exy2^ 

+  CtC-jii  -  Ci22^8^exx(exy/  +  Ezx2^ 

+  eyy(eyz2  +  Exy2) 

+  Uzz  +  Ezz>(ezx2  +  eyz2)] 

+  [(C-ji'j  +  2C-J23  -  3Ci22)/83tEyzezxexy^‘ 

The  equilibrium  perturbed  elastic  energy  density 
function,  U0>  for  sea  ice  is  given  by 

U0  *  (cii/2)^zz2  +  (Cm/6Kzz3- 

For  the  stress  Xx,  we  have  that 


U  =  n/2)cijkil(Cij+Eij)(5k)l  +  ekjl) 

+  0/6)Cijkj,mn(C1-j+eij)(5kjl 

+Eks.^Snn+Emn) 

where  on  the  right  side  of  the  above  equation  c 
and  C  are  explicitly  denoted  to  be  fourth-  and 
sixth-order  tensors  respectively  and  where,  in 
only  the  above  equation,  the  Einstein  summation 
convention  over  the  set  [x,y,z]  on  the  indices 
appearing  twice  in  any  product.  Note  that  by 
supposition  for  the  perturbing  strain  5j  j  = 
5itz5j,z^ij  wh^re  5ifZ  is  the  Kronecker 

delta.  The  perturbed  elastic  energy  density 
function  may  be  expressed  in  terms  of  the 
independent  constants  for  isotropy  of  the  second- 
and  third-order  elastic  coefficients  by 


Xx  =  3U/3eXX 

=  cTIExx  +  c12(eyy  +  5zz  +  Ezz^ 

+  cm0(  e2)  +  8i  22^zzexx 

+  5zzEzz  +  0(e2)] 

+  C123[5zz  yy  +  0(e2)]* 

We  can  now  establish  some  of  the  second-order 
coefficients  of  an  effective  elastic  tensor,  A, 
for  the  perturbed  system  by  marshalling  those 
terms  that  are  linear  in  e  in  Eq.  (1). 
Explicitly  noting  that  A  is  actually  a 
fourth-order  tensor,  we  could  also  determine 
at  j  k  51  by  keepina  only  zeroth-order  terms  with 
respect  to  e  of~ 92U/3ei j3ekz-  From  Eq.  (1), 
we  have  that 


A11  ■  C11  +  5zzC 122> 
A1 2  =  C1 2  +  5zzC123- 


242 


and 


A1 3  =  C1 2  +  5zzC122- 

By  transverse  symmetry,  examination  of  the 
stress  Yy  leads  to  A22  =  A11  and  A^3  =  A13* 

In  the  case  of  the  stress  Zz,  we  have 

lz  =  3U/3e22 

=  CuUa+ta)  +  c12(^xx  +  eyy> 

+  Clllt<5zz2/2)  +  ?zzezz  +  0(e2 ) 3 
+  C122^zz(eyy  +  exx)  +  0(e2)] 

+  C1230(e2).  (2) 

Equating  linear  coefficients  of  e  in  Eq.  (2),  we 
can  establish  that 

a33  =  cn  +  5zzCni# 

The  terms  cnEzz  and  Cn]?zz2/2  in 
Eq.  (2)  are  of  order  zero  with  respect  to  e2Z 
and  these  terms  contribute  to  the  virtual 
perturbing  stress  associated  with  the  static 
virtual  perturbing  strain  SZ2  which  maintains 
the  elastic  energy  density  function  at  its 
perturbed  equilibrium,  U0.  A33  describes 

the  real  stress  beyond  the  perturbing  stress. 

For  the  stress,  Yz,  we  have  that 

Yz  ■  3U/aeyz 

=  C (c-]  1  -  c-|2)/2]eyz 

+  C(C111  -  ^122^^^zzeyz  +  ^(e2)] 

+  ^1 23^ ( ) * 


Xy  =  3U/3exy 

=  C (c11  _  c-j 2 )/23exy  +  Ci  1 1 0( e2 ) 

+  C (C-j 22  -  cl23^2-"-5zzexy  + 

(4) 

Equating  linear  coefficients  of  e  in  Eq.  (4),  we 
can  establish  that 

a66  =  <cll  "  c12)/2  +  czz(c122  '  C1 23 1/2 

=  ^All  "  a12^2 

which  is  consistent  with  transverse  isotropy. 

All  other  second-order  coefficients  of  the 
effective  elastic  tensor,  A,  for  the  perturbed 
system  are  zero.  Thus,  the  tensor  a  contains 
only  four  independent  constants:  Ai i ,  Ai 2 , 
a-|3,  and  A33.  The  deviation  of  the  tensor 
l  with  the  isotropic  elastic  tensor  (second  order 
in  strain)  is  linear  with  respect  to  the 
perturbing  strain,  £zz. 

3.  SUMMARY 

For  sea  ice  that  has  nearly  isotropic, 
transverse  isotropy,  an  effective  elastic  tensor 
may  be  described  by 

AH  =  a22  ;  a33  I  A1 2  “  A21  > 

a13  =  a23  =  a32  =  A3U 

a44  =  A55  =  (All  +  A33  --  2Al3)/4; 

a66  =  (An  -  A1 2 )/2 

where  all  other  second-order  coefficients  are 
zero. 


(3) 


Equating  linear  coefficients  of  e  in  Eq.  (3),  we 
can  establish  that 

(°1 1  -  C1 2 )/2  +  ?zz(Clll  ■  c122)/4 
[(cn  +  5zzc-]  22)  +  (cn  +  5zzcm 1 

-  2  (c-j  2  +  SzzCi22)]/4 

(A11  +  A33  -  2A13)/4. 

By  transverse  symmetry,  examination  of  the 
stress  Zx  leads  to  A44  =  A55.  In  the  case 
of  the  stress  Xy,  we  have  that 
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ABSTRACT 

Over  500  laboratory  tests  have  recently  been  com¬ 
pleted  on  ice  samples  collected  from  multi-year 
pressure  ridges  in  the  Alaskan  Beaufort  Sea. 

Tests  were  performed  in  uniaxial  constant-strain- 
rate  compression  and  tension  and  in  confined  com¬ 
pression.  The  tests  were  conducted  at  two  tempera¬ 
tures,  -5°  and  -  20°C,  and  four  strain  rates  rang¬ 
ing  from  1CT2  to  10”5  s”1.  This  discussion  summar¬ 
izes  the  sample  preparation  and  testing  techniques 
used  in  the  investigation  and  presents  data  on  the 
compressive,  tensile  and  confined  compressive 
strength  of  multi-year  ridge  samples.  This  infor¬ 
mation  is  necessary  for  designing  arctic  structures 
and  vessels  that  must  withstand  the  impact  of  a 
multi-year  pressure  ridge. 

1.  INTRODUCTION 

Multi-year  pressure  ridges  are  thick  accumulations 
of  broken  ice  blocks  that  have  survived  at  least 
one  melt  season.  Surface  melting  and  subsequent 
freezing  of  the  water  in  the  ridge  cavities  produce 
a  massive  ice  feature  with  few  or  no  voids.  Multi¬ 
year  pressure  ridges  in  excess  of  30  meters  thick 
have  been  observed  off  the  Beaufort  Sea  coast  (I). 

Data  on  the  mechanical  properties  of  multi-year  sea 
ice  are  necessary  for  developing  arctic  structures 
and  vessels  that  must  be  designed  to  withstand  the 
impact  of  a  multi-year  pressure  ridge.  Recently  we 
completed  a  study  that  involved  testing  over  500 
multi-year  ridge  ice  samples.  This  study  was 
designed  to  help  us  understand  the  structure  and 
mechanical  properties  of  the  ice.  The  program  con¬ 
sisted  of  two  phases.  The  first  phase  included 
collecting  samples  of  10  different  multi-year  pres¬ 
sure  ridges  in  the  southern  Beaufort  Sea,  develop¬ 
ing  a  variety  of  test  techniques,  and  performing 
282  uniaxial  compression,  tension  and  confined  com¬ 
pression  tests  on  vertically  cored  samples  (2,3). 
The  majority  of  the  tests  were  uniaxial  constant- 
strain-rate  compression  tests.  The  results  of  the 
Phase  I  tests  indicated  that  there  was  no  signifi¬ 
cant  difference  in  the  mean  compressive  strength 
between  samples  taken  from  different  pressure 
ridges  (4).  The  main  factor  contributing  to  varia¬ 
tions  in  the  strength  from  test  to  test  was  asso¬ 
ciated  with  the  extreme  local  variability  of  ice 
structure  within  a  ridge  (5). 


The  second  phase  of  the  program  also  included  a 
field  sampling  program  in  the  Alaskan  Beaufort  Sea 
(6).  Vertically  cored  ice  samples  were  collected 
from  four  different  multi-year  ridges.  Matched 
horizontal  and  vertical  pairs  were  also  collected 
from  one  ridge  to  investigate  the  effect  of  sample 
orientation  on  the  mean  compressive  strength.  A 
total  of  188  tests  were  completed.  In  Phase  II  the 
tests  were  equally  divided  among  constant-strain- 
rate  compression  and  tension  and  confined  compres¬ 
sion  tests. 

This  paper  briefly  describes  the  sample  preparation 
and  test  techniques  developed  in  the  program.  Data 
on  the  compressive,  tensile  and  confined  compres¬ 
sive  strength  of  the  multi-year  ridge  ice  samples 
will  also  be  summarized.  Additional  results  on  the 
initial  tangent  modulus,  residual  strength  and 
failure  strain  are  given  in  Cox  et  al.  (2,6). 

2.  ICE  DESCRIPTION 

Thin  sections  of  each  ice  sample  and  two  continu¬ 
ous  vertical  multi-year  ridge  cores  revealed  that 
the  ice  structure  in  a  multi-year  pressure  ridge  Is 
highly  variable  (7).  This  variation  is  a  result  of 
the  ridge  building  and  consolidation  processes  that 
take  place  during  the  formation  of  a  multi-year 
ridge.  In  general  the  ice  structure  in  a  multi¬ 
year  ridge  sample  can  be  classified  according  to 
one  of  three  major  ice  texture  categories:  granu¬ 
lar,  columnar  or  a  mixture  of  columnar  and  granular 

(5) .  The  number  of  samples  of  a  given  ice  struc¬ 
ture  varied  from  one  test  condition  to  another.  It 
is  important  to  note  this  variation  since  work  on 
multi-year  ridge  samples  has  shown  that  the  mean 
compressive  strength  is  significantly  influenced  by 
the  percentage  of  columnar  test  specimens  and  the 
orientation  of  the  ice  crystals  in  these  samples 

(6) .  Further  analysis  of  the  crystal  orientation 
of  columnar  samples  within  the  ridge  has  also  shown 
that,  in  the  ridges  we  sampled,  most  of  the  column¬ 
ar  blocks  were  lying  in  a  nearly  horizontal  posi¬ 
tion  or  with  the  direction  of  crystal  elongation 
nearly  vertical  (8). 

The  average  salinity  and  density  of  the  Ice  samples 
are  presented  In  Table  1.  In  general  the  ice  col¬ 
lected  in  the  first  phase  of  the  program  had  a 
slightly  higher  density  than  the  ice  collected  in 
the  second  phase.  The  average  salinity  of  the 


Table 


Average  salinity  and  density  (-20°C)  of  ice  samples  obtained  from 
ridges  A,  B  and  C  during  Phase  II  and  all  ridges  from  Phase  I. 

_ Phase  II _ 

Phase  I_ Ridge  A_ Ridge  B_ Ridge  C  Three  ridges 


Salinity  (°/oo)  1.26+0.82  0.38±0.49  1.29±0.87  2.29+1.19  1.34+1.18 

Density  (Mg/m3)  0.891t0.026  0.834+0.046  0.870±0.035  0.888±0.024  0.865+0.042 


samples  collected  during  the  first  and  second 
phases  were  similar. 

3.  SAMPLE  PREPARATION  AND  TEST  TECHNIQUES 

Dumbbell  specimens  were  prepared  from  4-1/4-in. - 
diameter  ice  cores.  Samples  were  first  rough-cut  on 
a  bandsaw,  and  the  ends  were  milled  square  on  a 
milling  machine  to  produce  a  10-inch-long  test 
specimen.  Synthane  end  caps  were  then  bonded  to 
the  sample  using  fresh  water  to  freeze  them  to  the 
milled  end  planes.  The  end-capped  samples  were 
turned  on  a  lathe  to  a  dumbbell  shape.  Compression 
samples  had  a  neck  diameter  of  4.0  in. ,  and  the 
tension  samples  had  a  neck  diameter  of  3.5  in.  The 
form  tools  used  to  prepare  both  the  dumbbelled 
compression  and  tension  samples  had  a  radius  of 
curvature  equal  to  twice  the  diameter  of  the 
finished  neck.  This  radius  was  chosen  to  minimize 
stress  concentrations  near  the  sample  end  planes. 
Every  effort  was  made  to  produce  properly  sized, 
precision-machined  test  samples  using  recommended 
methods  (9,10). 

All  of  the  tests  —  compression,  tension  and  con¬ 
fined  compression  —  were  performed  on  a  closed- 
loop  elec trohydraulic  testing  machine.  The  machine 
had  two  actuators  with  capacities  of  1.1  and  0. 1 i 
MN  and  a  fast-response,  high-flow-rate  servo-valve. 
The  load  frame  of  the  machine  had  a  capacity  of 
2.2  MN.Test  temperatures  were  controlled  within 
0.5°C  by  placing  the  sample  in  an  environmental 
chamber  mounted  between  the  columns  of  the  testing 
machine. The  lower  machine  platen  was  also  re¬ 
frigerated  to  eliminate  any  thermal  gradient  prob¬ 
lems.  Load  and  sample  strain  data  were  recorded  on 
an  XY  plotter,  a  strip  chart,  and  an  FM  magnetic 
tape  recorder. 

Strain  rates  in  the  unconfined  uniaxial  compression 
and  tension  tests  were  controlled  by  monitoring  the 
full  sample  strain  with  an  extensoraeter ,  which  was 
attached  to  the  synthane  end  caps  bonded  to  the 
test  specimen  (Fig.  1).  Strains  on  the  necks  of 
the  specimens  were  also  monitored  with  a  pair  of 
direct  current  displacement  transducers  (DCDTs)  to 
provide  accurate  strain,  strain  rate  and  modulus 
data.  The  unconfined  tests  were  programmed  to  con¬ 
tinue  to  5%  full  sample  strain  to  examine  post¬ 
yield  behavior  and  the  residual  strength  of  the 
ice.  Since  this  resulted  in  considerable  deforma¬ 
tion  of  the  test  specimen,  strain  rates  could  not 
be  controlled  by  the  transducers  mounted  on  the 
ice. 

Confined  compression  tests  (o^  >  <?£  “  03)  were  per¬ 
formed  using  the  triaxial  cell  shown  schematically 


in  Figure  2.  The  cell  was  designed  so  that  the 
confining  radial  pressure  ramped  in  constant  pro¬ 
portion  to  the  applied  axial  stress  (02/0*  1:1  con¬ 
stant).  For  a  right  circular  cylindrical  specimen, 
the  ratio  of  the  confining  pressure  to  the  axial 
stress  is  determined  by  the  ratio  of  the  diameter 
of  the  piston  entering  the  cell  (4.2  in.)  to  the 
diameter  of  the  piston  in  the  upper  cylinder.  Two 
ratios  of  confining  pressure  to  axial  stress  were 
used,  0.25  and  0,50.  The  larger  ratio  was  obtained 
by  placing  a  reduction  collar  in  the  upper  piston 
and  using  a  correspondingly  smaller  diameter 
piston.  Hydraulic  fluid  was  used  as  the  confining 
medium.  A  latex  membrane  was  placed  around  the 
test  specimen  to  prevent  hydraulic  fluid  from  per¬ 
meating  into  the  sample  void  spaces.  The  strain 
rate  in  the  confined  compression  tests  was  con¬ 
trolled  by  the  averaged  output  of  two  extensome t ers 
mounted  on  the  shaft  going  into  the  triaxial  cell 
(Fig.  3). 

Details  of  the  sample  preparation  and  test  tech¬ 
niques  are  given  in  Mellor  et  al.  (3). 


Figure  1.  Instrumented  unconfined  uniaxial  com¬ 
pression  test.  The  same  instrumentation  was  used 
in  the  uniaxial  tension  tests. 
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Figure  2.  Schematic  diagram  of  triaxial  cell  used 
for  confined  compression  tests. 


Figure  3.  Triaxial  cell  used  for  confined 
compression  tests. 


4.  RESULTS  AND  DISCUSSION 

Constant-Strain-Rate  Uniaxial  Compression  Tests 

Two  hundred  twenty-two  constant-strain-rate  uni¬ 
axial  compression  tests  were  performed  on  vertical¬ 
ly  cored  multi-year  ridge  Ice  samples  in  the  first 
phase  of  the  program.  The  tests  in  Phase  I  were 
conducted  at  two  strain  rates  10” 5  and  10” 3 
and  two  temperatures,  -20°  and  -5°C.  In  Phase  II, 
69  uniaxial  compression  tests  were  performed. 

These  samples  were  tested  at  the  same  temperature 
but  at  different  strain  rates  (10“4  and  10“2  s'-1) 
to  supplement  the  tests  performed  in  Phase  I.  Un¬ 
like  Phase  I,  the  Phase  II  unconfined  compression 
tests  were  performed  on  both  horizontal  and  verti¬ 
cal  samples  to  assess  the  effect  of  sample  orienta¬ 
tion  on  ice  strength,  A  summary  of  the  compressive 
strength  data  for  both  phases  of  the  project  Is 
given  in  Table  2.  The  mean  compressive  strength  of 
the  ice  is  plotted  against  strain  rate  in  Figures  4 
and  5. 

At  a  given  temperature  and  strain  rate,  the  com¬ 
pressive  strength  data  show  considerable  scatter. 
These  large  variations  in  strength  can  be  explained 
by  large  variations  in  the  ice  structure  and  poros¬ 
ity  (5).  The  strength  of  each  specimen  depends  not 
only  on  the  type  of  ice  present  in  the  specimen. 


which  is  highly  variable  from  sample  to  sample,  but 
also  on  the  ice  grain  size  and  crystal  orientation. 
Strength  variations  are  further  increased  by  varia¬ 
tions  in  the  ice  porosity. 

Based  on  our  understanding  of  the  variation  of  ice 
strength  with  strain  rate,  we  would  expect  a  power 
law  relationship  between  ice  strength  and  strain 
rate  in  the  ductile  range  (11).  On  log-log  paper, 
strength  versus  strain  rate  would  plot  as  a 
straight  line.  The  combined  average  test  results 
of  Phases  I  and  II  at  -5°C  do  not  show  this  tenden¬ 
cy.  The  average  strength  of  the  10“4  s’”1  is  lower 
than  anticipated.  However,  at  -20°C  the  10“4  s” 
Phase  II  tes^  average  is  in  reasonable  agreement 
with  the  10”  s_i  averages  obtained  in  Phase  I, 

Since  the  strength  of  sea  ice  decreases  with 
increasing  porosity,  it  appears  that  the  above 
observations  can  be  explained  in  terms  of  the 
average  ice  porosity  of  the  samples  tested  at  each 
strain  rate  and  temperature.  In  Table  2  mean 
porosities  are  given  for  the  samples , tested  at  each 
test  condition.  At  -5°C  the  10“  s“ 1  tests  have  a 
much  higher  porosity  than  the  tests  conducted  at 
10"^  and  10“  s“  .  At  -20°C  the  mean  porosities  of 
the  10“5,  10“4  and  10“3  s”'L  tests  are  similar,  and 
the  average  strength  values  do  show  a  power  law 
relationship. 
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Figure  4.  Mean  uniaxial  compressive  strength 
versus  strain  rate  for  multi-year  ridge  samples 
tested  at  -5°C.  The  bars  denote  one  standard 
deviation.. 


Figure  5.  Mean  uniaxial  compressive  strength 
versus  strain  rate  for  multi-year  ridge  samples 
tested  at  -20°C.  The  bars  denote  one  standard 
deviation. 


Table  2,  Summary  of  compressive  strength  data  for  Phases  X  and  II. 


Maximum 

Minimum 

Mean 

Mean 

porosity 

Number 

of 

(MPa) 

(lbf/in.*) 

(MPa) 

(lbf/in. O 

(MPa) 

(lbf/in. 2) 

<°/oo> 

samples 

10-5 

s-1 

V* 

7.52 

1090 

0.47 

-5°C  (23 

68 

°F) 

2.3411.08 

3401157 

44 

71 

10“4 

s  | 

s' 

s-1 

s-1 

s'1 

V 

5.52 

800 

1.87 

271 

3.0711.23 

4451179 

69 

9 

10-4 

H 

3.87 

561 

1.21 

175 

2.3510.74 

3411108 

78 

10 

10-4 

all 

5.52 

800 

1.21 

175 

2.6911.04 

390±15l 

73 

19 

10~3 

V 

10.90 

1580 

2.39 

346 

6.0611.63 

8791237 

46 

69 

10“2 

V 

6.42 

931 

2.69 

390 

4.6711.17 

6771169 

68 

9 

10’5 

S'1 

S-1 

£! 

s-1 

s-1 

V 

4.26 

617 

1.17 

-20°C  (-4 

170 

°F) 

2.7910.69 

4041100 

36 

41 

10~4 

V 

12.73 

1846 

3.34 

485 

6.1713.10 

8941450 

50 

13 

10’4 

H 

7.02 

1018 

1.68 

243 

3.7411.67 

5431242 

33 

12 

10“4 

all 

12.73 

1846 

1.68 

243 

5.0012.70 

7251392 

42 

25 

10"3 

V 

12.68 

1838 

7.03 

1020 

9.6311.39 

13961202 

39 

41 

10~2 

V 

10.48 

1520 

4.12 

597 

8.2412.05 

11951297 

74 

9 

*H  -  horizontal;  V  -  vertical. 


In  addition  to  the  variation  in  average  ice  poros¬ 
ity,  we  also  note  that  at  the  10~4  test;  condi¬ 
tion,  the  mean  compressive  strength  was  obtained 
using  both  horizontal  and  vertical  samples.  At  a 
given  test  temDeratyre  the  mean  compressive 
strength  of  the  10~H  S~A  horizontal  samples  alone 
is  lower  than  the  strength  of  the  vertical  samples 
(Table  2).  The  variation  Is  a  result  of  the  orien¬ 
tation  of  the  ice  crystals  In  the  columnar  samples 
tested  In  each  group,  as  discussed  earlier  (8). 
Results  from  tests  on  first-year  sea  ice  samples 
indicate  that  the  hard  fail  direction  in  columnar 
sea  ice  occurs  when  loads  are  applied  parallel  to 
the  direction  of  elongation  of  the  crystals  (12, 
13).  Consequently  the  mean  compressive  strength  of 
vertically  cored  multi-year  ridge  samples  (loaded 
parallel  to  the  direction  of  crystal  elongation) 
will  be  higher  than  the  mean  compressive  strength 
of  horizontal  ridge  samples  (loaded  perpendicular 


to  the  direction  of  elongation).  The  variation 
will  depend  on  the  number  of  columnar  ice  samples 
and  their  exact  crystal  orientation  with  respect  to 
the  loading  direction.  A  high  percentage  of  verti¬ 
cal  columnar  ice  samples  will  be  reflected  in  a 
relatively  high  mean  compressive  strength.  This 
effect  of  sample  orientation  results  in  a  lower 
mean  compressive  strength  when  the  vertical  and 
horizontal  test  data  at  10“4  s'1  are  combined. 

In  both  the  -5°  and  -20°C  tests  conducted  at  a 
strain  rate  of  10  2  s""*,  there  is  an  apparent  de¬ 
crease  in  ice  strength  relative  to  the  tests  con¬ 
ducted  at  10  3  s~l.  We  attribute  this  decrease  in 
strength  to  the  much  larger  porosity  of  the  10~2 
s~  samples. 
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Table  3.  Summary  of  uniaxial  tensile  strength  data  for  Phase  II, 


Mean  Number 


Maximum 

Minimum 

Mean 

porosity 

Woo) 

of 

samples 

(MPa) 

(lbf/in.2)  (MPa) 

(lbf/in.2 

)  (MPa) 

(lbf/in.2) 

-5°C  (23°F) 

10"5 

s"1 

V* 

1.03 

149 

0.57 

82 

0 . 8  2  ±0 . 1 7 

119+24 

78 

9 

icr3 

9~  1 

V 

0.83 

120 

0.41 

60 

0.61+0.16 

89  ±23 

108 

9 

-20°C  (- 

4°F) 

10“5 

V 

0.92 

134 

0.49 

71 

0 . 7 1  ±0 . 1 6 

103+23 

82 

9 

icr3 

s~ 

V 

0.92 

134 

0.48 

69 

0.75  iO.  16 

109±23 

77 

9 

*V  -  vertical. 


Figure  6,  Mean  uniaxial  tensile  strength  versus 
strain  rate  for  multi-year  ridge  samples  tested  at 
-20°  and  -5°C,  The  bars  denote  one  standard 
deviation. 


Constant-S train-Rate  Uniaxial  Tension  Tests 


Thirty-six  constant-strain-rate  tension  tests  were 
performed  on  vertically  oriented  multi-year  pres¬ 
sure  ridge  samples  during  the  second  phase  of  the 
program.  The  tests  were  conducted  at  two  strain 
rates  (10“5  and  1CT3  s”1)  and  two  temperatures 
(-20°  and  -5°C),  Nine  tests  were  done  at  each  test 
condition.  A  summary  of  the  tensile  strength  data 
is  given  in  Table  3,  Strength  data  are  plotted 
against  strain  rate  in  Figure  6. 


In  general  the  mean  tensile  strength  shows  no 
significant  variation  with  strain  rate  or  tempera¬ 
ture.  This  behavior  is  consistent  with  data  on 
the  tensile  strength  of  freshwater  polycrystalline 
ice  summarized  b^  Me^lor  (11).  At  strain  rates 
greater  than  10“  s“  f  the  tensile  strength  of 
freshwater  polycrystalline  ice  shows  little  or  no 
variation  with  strain  rate,  and  from  -5°  to  -20°C, 
the  strength  only  shows  a  very  small  increase.  In 
contrast  the  results  from  Dykins'  ( 1 A )  uniaxial 
tensile  tests  on  first-year  sea  ice  show  a  strong 
temperature  dependency.  However,  this  large 


strength  variation  is  not  due  to  changes  in 
temperature  of  the  pure  ice  matrix  but  rather  a 
change  in  the  ice  brine  volume  or  porosity.  Since 
the  salinity  of  the  multi-year  test  specimens  is 
very  low,  the  brine  porosity  and  strength  of  the 
ice  show  little  variation  with  temperature. 

The  effect  of  ice  crystal  structure  was  also  evi¬ 
dent  in  the  tensile  tests  on  nulti-year  ridge 
samples.  While  the  strength  of  the  sample  was  not 
greatly  influenced  by  the  structural  composition  of 
the  sample,  the  location  of  the  failure  plane  was 
dependent  on  structural  variability.  For  all  test 
conditions,  there  was  a  definite  tendency  for  the 
ice  to  fail  in  the  part  of  the  specimen  containing 
the  coarsest  grains.  This  tendency  has  been  ob¬ 
served  in  tensile  tests  on  freshwater  polycrystal¬ 
line  ice  (15,  16,  17,  18).  There  were  exceptions, 
however.  For  example,  in  a  few  tests  containing 
brecciated  ice  (ice  composed  of  columnar  fragments 
in  a  granular  matrix),  failure  occurred  in  the 
finer-grained  granular  ice  when  the  columnar  frag¬ 
ments  were  oriented  with  the  direction  of  crystal 
elongation  parallel  to  the  load.  In  some  ice 
samples  containing  both  fine  and  coarse  grains, 
failure  was  not  associated  with  grain  size. 

Instead,  flaws  in  the  specimen  such  as  large  voids 
and  structure  discontinuities  controlled  the  frac¬ 
ture  location  (Fig.  7).  Low  strength  values  were 
usually  associated  with  large  voids  and  cavities  in 
the  specimen. 

Confined  Compression  Constant-Strain-Rate  Tests 

A  total  of  55  confined  compression  or  conventional 
triaxial  tests  ( cr^  >  02  3  03)  were  performed  on 
multi-year  pressure  ridge  samples  at  different 
test  temperatures,  strain  rates  and  confining  pres¬ 
sures  during  Phase  II  of  the  program.  The  number 
of  tests  at  each  test  condition  is  summarized  along 
with  the  confined  compressive  strength  data  in 
Table  4.  The  mean  confined  compressive  strength  of 
the  ice,  o\9  for  each  test  condition  is  plotted 
against  the  confining  pressure  (02-03)  at  failure 
in  Figure  8.  Mean  uniaxial  (unconfined)  compres¬ 
sive  strength  data  from  the  first  phase  of  the 
test  program  are  included  for  comparison.  In 
making  comparisons  between  the  unconfined  and 
confined  compressive  strength  data,  it  should  again 
be  noted  that  the  Phase  I  ridge  samples  generally 
had  a  lower  porosity. 
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Figure  7.  Photographs  of  ice  thin  sections  taken  in  crossed  polarized  light  to  illus¬ 
trate  the  location  of  fracture  plane  with  respect  to  ice  structure  in  a  tension  sample. 


Table  4.  Summary  of  confined  strength  data  for  different  strain  rates,  temperatures  and  con- 
f ining-pressure-to-axial-stress  ratios  (c^/o^). 


Mean  Number 

Maximum  _  Minimum  _ Mean _  porosity  of 


a2/o  i 

(MPa) 

(Xbf 1 in. 

Z)  (MPa) 

(lbf/in. 

2)  (MPa)  i 

(lbf/in. z) 

(°/oo^ 

samples 

io-5 

s"1  V* 

0.25 

3.95 

573 

1.14 

-5°C  (23 

166 

°F) 

2.86+0.98 

415+142 

79 

10 

io-5 

s-1  V 

0.50 

6.61 

959 

2.28 

330 

3^81 11. 59 

552±23l 

86 

9 

io-3 

s”1  V 

0.50 

17.94 

2602 

5.43 

788 

11.70  ±3.41 

16971495 

78 

9 

10"3 

s~L  V 

0.25 

17.07 

2475 

11.58 

-20°C  (- 

1679 

4°F  ) 

14.77 ±1.90 

21411275 

77 

9 

io-5 

.-!  v 

0.50 

11.03 

1600 

3.95 

573 

6.59±1.97 

956+286 

82 

9 

IO"3 

s"1  V 

0.50 

38.63 

5602 

8.34 

1210 

23. 50±8. 73 

340811266 

57 

9 

*  V  -  Vertical. 
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Confining  Pressure  (MPa) 


Confining  Pressure  (lbf/in2) 


Figure  8,  Mean  compressive  strength  versus  confin¬ 
ing  pressure  for  multi-year  ridge  samples  at  dif¬ 
ferent  temperatures  and  strain  rates*  The  bars 
denote  one  standard  deviation. 


The  confined  compressive  strength  increases  with 
increasing  temperature,  increasing  strain  rate,  and 
increasing  confining  pressure.  Due  to  variability 
of  the  ice  structure  between  samples,  the  data  show 
considerable  scatter.  The  data  at  10“5  s”1  sug¬ 
gest  that  failure  of  the  ridge  ice  samples  at  low 
strain  rates  may  be  described  by  Tresca  or  von 
Mises  yield  criteria.  The  yield  surface  parallels 
the  hydrostat  (02/01*1).  This  supports  the  obser¬ 
vations  made  by  Jones  (19),  who  investigated  the 
confined  compressive  strength  of  freshwater  poly- 
crystalline  ice  at  low  strain  rates. 


5.  CONCLUSIONS 


ridge  formation.  The  results  of  this  study  and 
those  of  earlier  investigators  (12)  have  shown  that 
horizontal  sheet  ice  samples  are  significantly 
weaker  than  vertical  sheet  ice  samples.  More  field 
studies  of  the  internal  structure  of  first-year  and 
multi-year  pressure  ridges  are  needed  to  capitalize 
on  this  finding.  Using  ice  strength  data  from  ver¬ 
tically  oriented  ridge  specimens  may  be  conserva¬ 
tive  in  horizontal  ridge  loading  problems. 


In  general  the  compressive  strength  of  multi-year 
ridge  ice  samples  increases  significantly  with  an 
increase  in  strain  rate  from  10“5  to  10"^  s" 1 . 
Beyond  1CT3  s'"1,  where  the  ice  is  failing  in  a 
brittle  manner,  the  compressive  strength  appears  to 
level  off.  At  a  given  strain  rate,  there  is  an  in¬ 
crease  in  the  compressive  strength  with  a  decrease 
in  temperature  and  a  decrease  in  porosity.  An  in¬ 
crease  in  the  confining  pressure  surrounding  the 
ice  sample  also  results  in  an  increase  in  strength. 

The  mean  tensile  strength  of  the  multi-year  ridge 
samples  shows  little  variation  with  strain  rate  or 
temperature.  Variations  in  strength  are  generally 
the  result  of  the  highly  variable  ice  structure. 
There  is  a  tendency  for  the  tensile  ice  strength  to 
decrease  with  increasing  porosity. 

Finally  we  note  that  one  important  addition  to  this 
series  of  test  data  still  remains  to  be  completed. 
This  involves  an  investigation  of  the  mechanical 
properties  of  multi-year  ridge  ice  at  high  tempera¬ 
tures  (-2°C).  Information  in  this  region  of  tem¬ 
peratures  is  needed  to  define  the  mechanical 
properties  of  pressure  ridge  keels. 
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The  combined  test  results  of  this  extensive  test 
program  provide  a  foundation  for  developing  consti¬ 
tutive  laws  and  failure  criteria  for  multi-year 
pressure  ridges.  These  results  are  incomplete, 
however,  without  a  thorough  examination  of  the 
influence  of  ice  structure  on  the  test  results. 
Preliminary  structure  analyses  have  shown  that  the 
structure  has  a  profound  effect  on  the  mechanical 
properties  of  the  ice.  Work  is  currently  being 
done  to  structurally  characterize  each  multi-year 
ridge  ice  specimen  and  to  define  the  role  that 
structure  plays  in  determining  ice  strength. 

It  does  appear  that,  in  multi-year  pressure  ridges 
containing  a  large  proportion  of  columnar  sheet  ice 
blocks,  the  horizontal  ice  strength  may  be  signifi¬ 
cantly  less  than  the  vertical  ice  strength.  This 
is  because  there  may  be  preference  for  ice  blocks 
to  lie  in  a  nearly  horizontal  position  during 
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ABSTRACT 

A  biaxial  ice  stress  sensor  has  been  developed  to 
measure  the  magnitude  and  direction  of  the  princi¬ 
pal  stresses  in  an  ice  sheet.  Controlled  labora¬ 
tory  tests  indicate  that  the  sensor  has  a  resolu¬ 
tion  of  20  kPa  and  an  accuracy  of  better  than  10% 
under  a  variety  of  loading  conditions.  The  sensor 
has  been  successfully  used  to  measure  thermal  ice 
pressures  in  lakes  and  ice  loads  on  a  caisson- 
retained  island  in  the  Beaufort  Sea. 


1.  INTRODUCTION 

Reliable,  inexpensive  ice  stress  measurements  are 
needed  to  solve  a  variety  of  ice-related  problems. 
These  include  measuring  and  monitoring  ice  loads  on 
marine  and  hydraulic  structures;  determining  the 
magnitude  of  ice  forces  associated  with  ice  drift, 
ride-up,  pile-up  and  pressure  ridge  formation; 
measuring  thermal  ice  pressures  in  reservoirs;  and 
assessing  the  effects  of  ice  convergence  on  the 
performance  of  large  icebreakers  and  tankers. 

During  the  past  several  years,  a  biaxial  ice  stress 
sensor  has  been  under  development  at  Oceanographic 
Services,  Inc.,  CRREL,  and  IRAD  Gage,  Inc. z  ° 

This  paper  summarizes  the  results  of  controlled 
laboratory  tests  that  were  performed  to  evaluate 
the  new  biaxial  gauge  and  presents  the  results  from 
two  ice  stress  measurement  field  programs. 

2.  BIAXIAL  ICE  STRESS  SENSOR 

The  biaxial  ice  stress  sensor  consists  of  a  stiff 
cylinder  made  of  steel  (Fig.  1  and  2).  It  Is  20.3 
cm  long  and  5.7  cm  in  diameter,  and  it  has  a  wall 
thickness  of  1.6  cm.  The  ends  of  the  sensor  are 
threaded  such  that  a  rounded  end  cap  can  be 
attached  to  the  lower  end  of  the  sensor.  Extension 
rods  can  also  be  screwed  to  the  top  of  the  sensor 
to  position  the  sensing  portion  of  the  gauge  at  any 
desired  depth  in  the  Ice  sheet. 

Principal  Ice  stresses  normal  to  the  axis  of  the 
gauge  are  determined  by  measuring  the  radial  defor¬ 
mation  of  the  cylinder  wall  in  three  directions. 
This  is  accomplished  by  using  the  vibrating  wire 
technology  advanced  by  IRAD  Gage. 4  Three  tensioned 
wires  are  set  120°  from  each  other  across  the 
cylinder  diameter  (Fig.  2).  The  diametral  deforma¬ 


tion  of  the  gauge  in  these  three  directions  is 
determined  by  plucking  each  wire  with  a  magnet/coil 
assembly  and  measuring  the  resonant  frequency  of 
the  vibrating  wires.  A  thermistor  is  also  placed 
inside  the  cylinder  to  measure  the  gauge  tempera¬ 
ture.  Both  ends  of  the  sensor  are  sealed  to 
protect  the  wires  and  electronics  from  moisture. 

The  sensor  and  data  logging  equipment  are  fabricat¬ 
ed  by  IRAD  Gage. 

Despite  the  stiffness  of  the  gauge,  It  is  very  sen¬ 
sitive  to  loading.  Radial  displacements  as  small 
as  5.0x10'"  urn  (2.0x10'  in.)  can  be  measured. 

This  corresponds  to  a  sensor  resolution  of  about  20 
kPa  (3  lbf/in.2)  when  it  is  embedded  in  ice. 


This  design  offers  several  advantages.  The  sensor 
is  rugged  and  leakproof,  and  it  can  be  easily  in¬ 
stalled  in  the  ice  using  conventional  ice  augering 
equipment.  As  the  sensor  output  is  frequency,  it 
is  not  affected  by  leakage  to  ground,  poor  contacts 
and  long  lead  lengths.  The  sensor  is  also  inexpen¬ 
sive  ($1900,  including  labor  and  materials). 


The  magnitude  and  direction  of  the  principal  stress 
(p,  q  and  9^)  are  calculated  from  the  radial  defor¬ 
mation  (Vrl#  Vr2  and  Vr3)  of  the  sensor  wires 
by  solving  three  simultaneous  equations: 


Figure  1.  Biaxial  ice  stress  sensor. 
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Figure  2. 


Schematic  of  biaxial  ice  stress  sensor. 


V 

*1 


-  A  (p+q)  +  B 


(p-q)  cos  2  81 


and  surrounding  ice  were  also  examined,  as  was 
Long-term  sensor  drift. 


A  (p+q)  +  B  ( p-q )  cos  2  ( 0 1  +  60°) 


A  (p+q)  +  B  (p-q)  cos  2  (0j  +  120°) 

B  are  constants  that  depend  on  the 
gauge  geometry  and  the  mechanical  properties  of  the 
ice  and  the  gauge.  The  sensor  is  designed  such 
that  A  and  B  are  relatively  insensitive  to  varia¬ 
tions  in  the  ice  modulus,  E^ ,  and  Poisson’s 
ratio,  u.  Equations  for  A  and  B  are  given  in  Cox 
and  Johnson.  They  are  derived  from  analytical 
solutions  that  describe  the  behavior  of  an  elastic 
ring  welded  in  an  elastic  plate. 1 


r  2 


and 


r  3 

where  A  and 


The  biaxial  ice  stress  sensor  is  not  calibrated  in 
ice.  It  is  calibrated  in  a  hydraulic  pressure  cell 
to  determine  the  initial  frequency  and  the  effec¬ 
tive  length  of  each  vibrating  wire.  The  gauge  is 
radially  loaded  and  the  measured  deformation  of  the 
gauge  is  compared  to  the  radial  deformation  of  a 
thick-wall  cylinder. 


3.  EVALUATION  TESTS 

Controlled  laboratory  tests  were  performed  to 
evaluate  the  biaxial  ice  stress  sensor.  Tests  were 
first  conducted  to  determine  the  temperature  sensi¬ 
tivity  of  the  gauge.  The  sensor  was  then  frozen 
into  large  ice  blocks  and  loaded  in  a  biaxial  load¬ 
ing  machine  to  study  the  response  of  the  sensor 
under  different  loading  conditions.  The  effects  of 
differential  thermal  expansion  between  the  sensor 


Temperature  Sensitivity 

The  temperature  sensitivity  of  the  gauge  was  deter¬ 
mined  by  placing  the  sensor  in  a  glycol  bath  inside 
an  environmental  chamber.  The  temperature  of  the 
chamber  and  bath  were  varied,  and  sensor  readings 
were  taken  at  different  temperatures.  The  sensor 
output  was  found  to  vary  linearly  with  temperature, 
about  5  kPa/°C.  Compared  to  the  resolution  of  the 
gauge  (20  kPa) ,  the  temperature  sensitivity  is 
small.  In  many  short-term  applications  of  the 
gauge,  temperature  corrections  would  not  be  need¬ 
ed.  However,  in  situations  where  large  variations 
in  ice  temperature  did  occur,  the  sensor  output 
would  have  to  be  corrected  to  obtain  the  highest 
possible  accuracy. 

Biaxial  Loading  Tests 

The  response  of  the  sensor  to  different  loads  was 
evaluated  by  freezing  the  sensor  into  large  ice 
blocks  and  loading  the  blocks  in  a  hydraulic, 
biaxial  loading  machine.  The  ice  blocks  used  in 
these  tests  were  61  cm  x  6 1  cm  x  18  cm  thick.  The 
length  and  width  of  the  ice  blocks  were  chosen  to 
accommodate  the  entire  area  of  Influence  of  the 
sensor,  about  ten  diameters. 

The  blocks  were  grown  from  both  fresh  and  saline 
water.  The  grain  size  of  the  crystals  in  the 
blocks  varied  between  0.5  and  2  cm.  The  fresh 
water  blocks  had  both  horizontal  and  vertical 
c-axis  crystals,  while  the  saline  ice  blocks  had 
predominantly  horizontal  c-axis  crystals.  The 
c-axis  did  not  show  any  preferred  alignment  in  the 
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horizontal  plane.  The  saline  ice  blocks  had  an 
average  salinity  of  about  5  °/oo. 

The  biaxial  loading  machine  used  in  the  stress 
sensor  verification  tests  is  shown  in  Figure  3. 

The  machine  consisted  of  two  0. 4-MN-capacity 
hydraulic  rams  supported  by  two  independent  I-beam 
frames.  The  inside  ram  and  frame  rolled  on  casters 
to  minimize  shear  stresses  on  the  block  during 
biaxial  loading  as  well  as  to  compensate  for  any 
lack  of  planar  squareness  of  the  ice  blocks.  The 
platens  consisted  of  aluminum  blocks  covered  with 
sheets  of  Teflon.  They  were  only  58  cm  wide  to 
allow  for  about  3  cm  of  block  strain  during  a 


biaxial  loading  test.  The  platens  were  also  free 
to  rotate  in  the  vertical  plane  to  compensate  for 
the  lack  of  end  squareness  of  the  ice  blocks. 


Loads  were  applied  to  the  ice  blocks  using  the  rams 
and  a  hydraulic  hand  pump.  Control  valves  were 
used  to  direct  the  hydraulic  fluid  to  one  or  both 
rams,  and  a  hydraulic  dial  gauge  was  used  to 
measure  the  load.  The  entire  loading  system  was 
calibrated  with  a  load  cell  prior  to  testing. 
Applied  uniaxial  stresses  on  the  ice  blocks  had  an 
accuracy  of  about  20  kPa.  In  a  few  tests,  block 
strains  were  measured  with  direct  current  distance 
transducers  attached  to  the  platens. 


Figure  3.  Ice  block  and  sensor  in  biaxial  loading 
machine. 


Figure  4.  Measured  versus  applied  stress  for  biaxial  loading  test 
where  and  are  the  loads  in  the  two  loading  directions. 
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Four  blocks  were  used  in  the  loading  tests  to 
evaluate  the  sensor  response  to  variations  in  the 
ice  modulus,  loading  rate  and  loading  direction. 

The  results  from  a  biaxial  loading  test  on  a  saline 
ice  block  are  shown  in  Figure  4. 

The  results  of  all  the  tests  indicate  that  the 
sensor  responds  immediately  to  applied  loads.  In 
general,  measured  stresses  were  within  10%  of  the 
applied  stress  for  both  uniaxial  and  biaxial  load¬ 
ing.  The  sensor  response  did  not  appear  to  be 
affected  by  ice  creep,  and  when  the  applied  stress¬ 
es  were  removed,  the  measured  stresses  fell  close 
to  zero.  Reliable  stress  measurements  were  also 
obtained  well  beyond  yielding  or  failure  of  the 
ice.  In  addition  the  sensor  usually  determined  the 
direction  of  the  applied  stresses  to  within  5°. 

Differential  Thermal  Expansion 

Metge  et  al. 8  postulated  that  the  response  of  a 
steel  ice  stress  sensor  would  be  greatly  affected 
by  differential  thermal  expansion  between  the  ice 
and  the  gauge.  To  evaluate  the  effects  of  differ¬ 
ential  thermal  expansion,  a  sensor  was  frozen  into 
an  ice  block  that  was  insulated  on  the  top  and 
bottom  with  foam.  The  temperature  of  the  sensor 
and  the  block  were  then  varied  from  -20°C  to  0°C 
and  back  to  -10°C  to  examine  the  response  of  the 
gauge.  After  the  stress  managements  were  corrected 
for  changes  in  temperature,  the  stress  readings 
were  generally  within  or  equal  to  the  resolution  of 
the  sensor,  20  kPa. 

If  ice  were  an  elastic  material,  differential 
thermal  expansion  would  be  a  problem.  Because  ice 
creeps  under  low  stress,  localized  thermal  stresses 
in  the  ice  around  the  sensor  rapidly  relax  and  are 
unable  to  build  up  to  any  significant  value. 

Long-Term  Drift 

During  the  course  of  the  evaluation,  sensor  read¬ 
ings  were  obtained  to  examine  the  stability  of  the 
unloaded  gauge.  Over  a  period  of  about  200  days, 
one  of  the  wires  in  the  sensor  drifted,  in  a  linear 
manner,  540  kPa,  or  about  2.7  kPa/d.  According  to 
IRAD  Gage,  the  gauge  fabricator,  this  behavior  is 
caused  by  outward  displacement  of  the  clamps  hold¬ 
ing  the  wires  in  the  sensor.  It  is  therefore 
important  in  long-term  measurement  programs  to 
obtain  zero  stress  readings  at  a  given  temperature 
just  before  and  after  the  measurement  program. 

4.  THERMAL  ICE  PRESSURES  IN  LAKES 

After  the  biaxial  sensor  successfully  completed  the 
rigorous  laboratory  tests  at  CRREL,  several  sensors 
were  installed  in  the  ice  in  a  nearby  lake  to 
obtain  field  experience  in  deploying  the  sensor,  as 
well  as  some  preliminary  measurements  of  thermal 
ice  pressures.  Field  measurements  are  needed  to 
verify  and  possibly  improve  existing  thermal  ice 
thrust  prediction  models  for  the  design  of  dams, 
piers  and  other  hydraulic  structures  subjected  to 
ice. 


The  field  measurement  program  was  performed  on 
Canaan  Street  Lake,  Canaan,  New  Hampshire,  during 
February  and  March,  1983 ^ .  Three  sensors  were 
installed  in  the  ice  about  25  ra  from  shore  on  the 
northeast  side  of  the  lake.  The  sensors  were 
placed  about  6  m  apart  parallel  to  the  shoreline. 
The  sensing  portion  of  the  gauges  was  located  0.13 
m  below  the  surface  of  the  0.36-m-thick  ice  sheet. 
The  results  from  two  sensors  are  given  in  Figure  5; 
the  data  from  the  third  sensor  were  rejected 
because  the  sensor  exhibited  considerable  drift. 

In  general  the  stress  measurements  from  the  two 
sensors  are  in  close  agreement.  This  is  particu¬ 
larly  true  for  the  stress  components  perpendicular 
to  the  shore.  The  difference  between  the  stress 
measurements  parallel  to  the  shore  is  greater. 
Considering  the  proximity  of  the  sensors  to  the 
beach,  this  may  be  due  to  the  variation  in  the 
shear  stress  along  the  shore  boundary.  Spatial 
differences  in  stress  may  also  be  due  to  active 
cracks  in  the  ice.  The  ice  sheet  was  covered  with 
snow,  so  the  crack  distribution  pattern  was  not 
studied. 
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Figure  5,  Measured  ice  stresses  in  the  ice  on 
Canaan  Street  Lake,  NH. 


Maximum  compressive  stresses  perpendicular  to  the 
shoreline  were  about  140  kPa,  while  maximum  tensile 
stresses  approached  240  kPa.  Peak  stresses  were 
greater  parallel  to  the  shoreline,  about  210  kPa  in 
compression  and  310  kPa  in  tension. 


the  angle  measured  counterclockwise  from  the  prin¬ 
cipal  stress  direction  P  to  magnetic  north.  At 
this  site  the  ice  was  1.7  m  thick,  and  sensors  were 
placed  at  depths  of  0.10,  0.42  and  1.09  m  to  pro¬ 
vide  a  vertical  stress  profile. 


Given  the  rate  of  change  of  temperature  in  the  ice 
and  the  ice  rheology,  it  is  possible  to  calculate 
thermal  ice  pressures*  Figure  6  presents  calculat¬ 
ed  pressures  using  a  model  developed  by  Bergdahl 
and  an  improved  model  developed  by  the  author.  In 
general,  Bergdahl’s  model  over-predicted  stresses 
in  the  ice.  By  using  more  appropriate  values  for 
the  ice  modulus  and  a  temperature-dependent  creep 
rate  factor,  much  better  agreement  was  obtained 
between  measured  and  calculated  ice  pressures. 


5.  ICE  FORCES  ON  OFFSHORE  ARCTIC  STRUCTURES 

Estimates  of  the  magnitude  of  ice  forces  on  off¬ 
shore  arctic  structures  can  be  obtained  from  analy¬ 
tical  models,  scale  model  tests,  and  field  measure¬ 
ments.  Unfortunately  analytical  models  and  model 
tests  usually  only  provide  upper-bound  ice  load 
estimates.  In  such  models  conservative  assumptions 
are  made  to  compensate  for  a  lack  of  understanding 
of  the  ice  failure  mode  and  the  large-scale  mech¬ 
anical  properties  of  the  ice  cover.  Field  measure¬ 
ments  of  ice  stress  are  needed  to  obtain  actual  ice 
loads  on  structures  and  for  model  tuning  and  veri- 
f ication. 

During  the  spring  of  1984,  18  biaxial  ice  stress 
sensors  were  deployed  at  six  sites  near  ESSO’s 
caisson-retained  island  (CRI).7  The  CRI  was  locat¬ 
ed  on  a  man-made  berm  in  14.5  ra  of  water  in  Macken¬ 
zie  Bay,  Canada.  In  addition  to  measuring  the 
total  ice  load  on  the  island,  the  sensors  provided 
information  on  the  vertical  and  lateral  stress  dis¬ 
tribution  in  the  ice  sheet. 

The  stress  results  from  one  of  the  six  sites  are 
shown  in  Figure  7,  Here,  P  and  Q  are  the  principal 
stresses  (positive  value  for  compression),  and  0  is 


It  is  evident  from  Figure  7  that  the  vertical 
stress  distribution  in  an  ice  sheet  can  be  com¬ 
plex.  Contrary  to  our  expectations,  maximum 

stresses  were  not  only  observed  in  the  top  part  of  ^ 

the  ice  sheet,  but  also  in  the  middle  and  bottom  of 
the  ice  sheet  at  different  times.  Secondary  prin¬ 
cipal  stresses  were  usually  much  smaller.  During 
significant  stress  events  (>  100  kPa),  the  princi¬ 
pal  stress  directions  tended  to  be  aligned  in  the 
top,  middle  and  bottom  of  the  ice  sheet,  whereas 
during  relatively  quite  periods  (<  100  kPa) ,  the 
stress  directions  varied  considerably  with  depth.  0 

Stresses  at  all  depths  also  varied  in  a  cyclic 
manner,  in  response  to  diurnal  fluctuations  in  the 
air  and  ice  temperatures. 


The  maximum  measured  compressive  stress  was  about 
500  kPa.  This  stress  was  measured  in  the  top  por¬ 
tion  of  the  ice  sheet  at  Site  1  on  27  March.  The 
corresponding  average  full-thickness  ice  stress  at 
this  site  was  about  300  kPa.  Tensile  stresses  were 
always  lower  than  140  kPa  and  may  be  a  measure  of 
the  large-scale  tensile  strength  of  the  ice  cover. 


The  complexity  of  the  vertical  stress  distribution 
suggests  that  the  ice  sheet  was  in  a  state  of  bend¬ 
ing,  and  superimposed  on  the  bending  stresses,  we 
also  had  local  thermal  stresses.  This  is  probably 
reasonable,  in  that  upward  and  downward  bending  of 
the  ice  sheet  was  observed  along  a  rubble  pile  in 
front  of  the  structure.  Flexure  failure  of  the  ice 
sheet  at  the  rubble  pile  would  also  explain  the 
relatively  low  measured  ice  stress  values. 


The  total  load  acting  on  the  CRI  and  surrounding 
rubble  during  the  measurement  program  is  shown  in 
Figure  8.  Also  shown  are  the  ice  temperature,  wind 
speed  and  direction.  The  force  vectors  point  in 
the  direction  of  the  applied  load,  and  the  wind 
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Direction  Stress  (kPa) 


Figure  7.  Vertical  variation  of  ice  stress  at  Site  1  during  the  latter  part  of  March.  Day  0 
corresponds  to  March  12, 


Figure  8.  Ice  forces  acting  on  CRI-ice  Island-rubble  complex, 
ice  temperature,  and  wind  data  for  measurement  program. 
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vectors  point  in  the  direction  the  wind  was  blowing 
to.  The  maximum  calculated  load  was  150  MN. 

The  ice  load,  ice  temperature,  and  wind  data  indi¬ 
cate  that  all  significant  ice  stress  events  were  of 
thermal  origin.  During  periods  of  high  stress, 
winds  were  predominantly  blowing  to  the  south, 
while  the  forces  were  toward  the  north.  The  high- 
stress  periods  actually  correspond  very  well  to 
periods  of  ice  sheet  warming.  The  stresses  are 
produced  by  the  seaward  motion  of  the  ice  as  a 
result  of  the  expansion  of  the  ice  sheet  between 
the  structure  and  the  coastline.  ^ 


6.  CONCLUSIONS 

The  biaxial  ice  stress  sensor  has  proven  to  be  a 
useful  tool  for  understandinging  the  stress  distri¬ 
bution  in  ice  sheets,  thermal  ice  pressures,  and 
ice  forces  on  arctic  structures.  It  is  hoped  that 
the  gauge  will  be  used  in  other  applications,  such 
as  the  measurement  of  ice  stress  in  the  arctic 
basin.  Simultaneous  measurements  of  stress  and 
strain  will  enable  researchers  to  formulate  more 
realistic  large-scale  rheological  models  of  the 
arctic  pack  for  models  of  sea  ice  dynamics.  The 
gauge  may  also  be  helpful  for  assessing  the  effects 
of  ice  convergence  on  the  performance  of  icebreak¬ 
ers,  submarine  breakthrough  in  ice  sheets,  and  sea 
ice  penetration  by  projectiles. 
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ABSTRACT 

A  simulation  model  for  sea  ice-induced  gouges  on 
the  shelves  of  the  polar  seas  is  developed  by 
assuming  that  the  annual  occurrence  of  new  gouges 
is  given  by  a  Poisson  distribution,  the  locations 
of  the  gouges  are  random,  and  the  distribution  of 
gouge  depths  is  specified  by  an  exponential  distri¬ 
bution.  Once  a  gouge  is  formed  it  is  infilled  by 
assuming  a  sediment  input  based  on  stratigraphic 
considerations  and  by  calculating  bed-load  trans¬ 
port  using  methods  from  sediment  transport  theory. 

If  currents  are  sufficient  to  transport  sediment, 
rapid  infilling  of  gouges  occurs.  In  that  these 
threshold  currents  are  small  for  typical  grain 
sizes,  this  suggests  that  the  gouging  record 
commonly  represents  only  a  few  tens  of  years. 

1 .  INTRODUCTION 

That  the  keels  of  drifting  pressure  ridges  can 
disturb  the  sea  floor,  resulting  in  entrained  sedi¬ 
ment  in  grounded  ice  masses,  has  been  known  for 
some  time  (6).  Although  this  matter  was  initially 
largely  of  academic  interest,  it  has  recently 
become  of  considerable  applied  interest  in  that 
gouges  in  excess  of  6  m  deep  are  now  known  to  have 
formed  by  this  process  along  the  coast  of  the 
Beaufort  Sea  in  areas  where  oil  and  gas  accumula¬ 
tions  are  known  to  occur.  Such  gouges  clearly  pose 
a  threat  to  inadequately  buried  or  insufficiently 
protected  subsea  structures  such  as  pipelines  or 
communication  cables. 

A  variety  of  different  studies  have  been  undertaken 
since  the  early  1970’s  on  the  gouging  phenomenon  as 
observed  on  the  Beaufort  Shelf.  A  reasonably 
complete  listing  of  the  more  important  papers  on 
this  subject,  as  well  as  a  general  discussion  of 
the  physical  environment  of  the  Beaufort  Shelf,  can 
be  found  in  Weeks  et  al.  (16).  In  the  present  work 
we  will  be  particularly  concerned  with  papers  that 
examine  the  statistical  characteristics  of  these 
gouges  (7,8,14,15,16)  as  well  as  with  studies  that 
help  characterize  the  sedimentary  and  oceanographic 
environment  in  which  the  gouges  occur  (1,3,4,11). 

A  major  difficulty  in  interpreting  available  data 
on  gouging  results  from  the  fact  that  reliable  ob¬ 
servations  on  the  rate  of  formation  of  new  gouges 
and  on  the  rate  of  infilling  of  existing  gouges 
are,  at  best,  limited.  What  is  usually  available 
are  ’’snapshots”  of  the  seafloor  that  provide  us 
with  the  number  of  gouges  and  their  orientations 


(via  side  -  scan  sonar)  and  also  their  depths  (via 
precision  fathometry)  at  a  given  instant  of  time. 

To  adequately  use  such  ’’snapshots"  it  is  necessary 
to  know  the  period  of  time  over  which  the  observed 
gouge  set  formed.  Needless  to  say,  in  assessing 
the  hazards  associated  with  the  gouging  process,  it 
makes  a  great  difference  whether  a  given  gouge  set 
formed  during  the  last  25  years  or  during  the  last 
5000  years  (to  bracket  the  extreme  positions  on 
this  matter).  This  latter  figure  results  from  the 
fact  that  observed  sedimentation  rates  appear  to  be 
quite  low  on  the  Beaufort  Shelf  (0.05  to  0.2  cm 
yr”1)  based  on  the  observation  that  on  the  average 
only  about  3  m  of  recent  (Holocene)  sediments  have 
accumulated  since  the  study  area  was  covered  by  the 
sea  approximately  5000  years  ago.  Taking  0.06  cm 
yr”  as  a  representative  sedimentation  rate  (10) 
for  the  Alaskan  Beaufort  Shelf  away  from  the  major 
sediment  source  of  the  Mackenzie  River,  it  can 
easily  be  calculated  that  it  would  take  1666  years 
to  fill  a  1-m-deep  gouge  and  5000  years  to  fill  a 
3-m-deep  gouge.  Clearly  if  no  other  process  con¬ 
tributes  significantly  to  gouge  infilling,  an  ob¬ 
served  gouge  set  could  represent  a  long  period  of 
time. 

It  is  also  obvious  that  even  on  the  relatively 
protected  Beaufort  Shelf,  where  the  effective  fetch 
in  the  summer  is  limited  by  the  presence  of  nearby 
pack  ice,  hydrodynamic  activity  resulting  from 
storms  during  ice-free  periods  is  sufficient  to 
rapidly  erase  gouges  occurring  in  shallower  water. 
For  instance,  field  observations  (4)  have  shown 
that  the  presumed  large  waves  and  wind-driven  shelf 
currents  associated  with  the  extensive  open  water 
conditions  observed  during  the  summer  of  1977  were 
sufficient  to  erase  all  gouges  to  a  depth  of  13  m 
and  to  cause  pronounced  infilling  of  gouges 
occurring  in  deeper  water.  Clearly  In  shallower 
waters  the  rates  of  sediment  infilling  associated 
with  such  episodic  events  are  much  greater  than 
the  average  sediment  accumulation  rate.  Recent 
work  (11)  has  also  suggested  that  even  in  the  deep¬ 
est  water  where  gouges  are  observed  (64  m  or  less 
along  the  Alaskan  Beaufort  Coast),  the  oceanograph¬ 
ic  conditions  are  sufficiently  dynamic  to  result  in 
the  bedload  transport  of  medium  to  coarse  sand  with 
the  presumed  result  of  rapid  gouge  infilling  when 
viewed  on  a  time  scale  of  5000  years. 

Unfortunately  there  is,  as  yet,  no  direct  method 
of  determining  the  age  of  an  existing  gouge.  Even 
if  an  appropriate  technique  can  be  developed,  the 
problem  of  obtaining  an  adequate  sample  of  the 
gouges  that  occur  along  the  Beaufort  Shelf  would 
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appear  to  be  daunting  in  that  during  many  summers 
inhospitable  ice  conditions  limit  ship  operations 
in  the  deeper  shelf  waters  of  most  interest. 

The  present  paper  takes  a  rather  different  view  of 
this  general  problem  by  attempting  to  develop  a 
numerical  model  that  for  a  given  year  sequentially 
estimates  (1)  the  number  of  new  gouges  and  (2) 
their  initial  depths.  Then  after  combining  the  new 
gouges  with  gouges  that  are  already  in  existence,  a 
calculation  is  made  of  (3)  the  infilling  of  each 
gouge  based  on  (4)  the  estimates  of  the  appropriate 
environmental  conditions.  As  will  be  seen  esti¬ 
mates  1,  2  and  4  are  essentially  stochastic  in 
nature  while  estimate  3  is  deterministic.  The 
overall  model  is  therefore  of  a  mixed  nature.  Then 
by  sequencing  the  model  through  a  variable  number 
of  years,  one  can  begin  to  examine  the  evolution  of 
the  gouge  depth  distribution  as  a  function  of  time 
as  well  as  the  effects  of  changes  in  different 
environmental  parameters  on  model  output.  The 
result  is  a  different  method  of  examining  the 
gouging  phenomenon  that  provides  one  with  new 
insights  that  can  then  be  applied  to  the  study  of 
sets  of  field  observations. 


2.  MODEL  COMPONENTS 

In  the  following  we  examine  the  general  nature  of 
the  different  components  of  the  model  as  well  as 
the  observational  basis  for  the  assumptions  that  we 
will  make  relative  to  each  of  these  components. 


SEQUENCE  OF  EVENTS 

In  idealizing  the  gouging  process  we  will  separate 
the  year  into  two  seasons,  winter  and  summer  with 
winter  representing  the  time  period  when  the 
Beaufort  Shelf  Is  covered  with  essentially  continu- 
ous  pack  ice  and  summer  representing  the  time  when 
the  area  is  either  ice-free  or  ice  concentrations 
are  low.  The  great  majority  of  gouges  undoubtedly 
form  during  the  winter  when  the  ice  is  thick  and 
strong  and  large  lateral  stresses  can  be  trans¬ 
mitted  through  the  pack  (ice-induced  gouges  obvi¬ 
ously  cannot  form  during  ice-free  summer  periods). 
Probably  gouging  is  most  frequent  during  the  early 
portion  of  the  winter  and  during  breakup  when  ice 
motions  may  be  large. 

Gouge  infilling,  on  the  other  hand,  is  a  process 
that  must  largely  occur  during  the  summer  based  on 
two  different  types  of  considerations.  First  the 
principal  Introduction  of  sediments  into  the 
Beaufort  Sea  from  rivers  such  as  the  Colville  and 
the  Mackenzie  occurs  with  the  peak  flows  of  the 
late  spring  and  early  summer.  Second,  it  is  only 
in  the  absence  of  an  extensive  ice  cover,  which 
both  damps  waves  and  limits  the  effective  transfer 
of  momentum  from  the  atmosphere  to  the  ocean,  that 
currents  and  waves  of  sufficient  energy  to  drive 
effective  sediment  transport  and  gouge  infilling 
can  occur.  Therefore  during  each  year  the  simpli¬ 
fication  of  assuming  gouge  formation  during  the 
winter  followed  by  gouge  infilling  during  the 
summer  is  not  only  convenient  but  realistic. 


NUMBER  OF  NEW  GOUGES 

We  will  use  the  Poisson  distribution  in  our 
initial  attempt  at  modeling  the  variations  in  the 
rate  of  new  gouge  formation.  Our  reasons  are  as 
follows:  the  distribution  is  simple  in  that  it  is 
completely  described  by  one  parameter  (the  mean 
annual  gouge  formation  rate  g),  it  is  discrete  in 
that  we  are  representing  a  counting  process  (either 
a  gouge  has  formed  or  it  has  not),  it  is  capable  of 
dealing  with  the  occurrence  of  zero  values,  and  it 
is  the  appropriate  distribution  to  use  when  dealing 
with  a  Poisson  process  which  describes  the  frequen¬ 
cy  of  random  events  occurring  at  a  constant  rate  on 
a  continuous  time  scale.  Also  the  Poisson  distri¬ 
bution  has  proven  to  be  extremely  useful  in  treat¬ 
ing  a  wide  variety  of  arrival  problems  in  science 
and  engineering.  The  limited  amount  of  information 
currently  available  on  the  number  of  new  gouges 
knT*  yr”^  is  reviewed  in  Weeks  et  al.  (16). 


LOCATION  OF  NEW  GOUGES 

Studies  of  gouge  distributions  as  observed  along 
the  Beaufort  Coast  (16)  indicate  that  observed 
variations  in  the  number  of  gouges  per  100  m  can 
also  be  well  described  by  a  Poisson  distribution 
and  that  the  spacings  between  gouges  are  given  by 
an  exponential  distribution.  Both  of  these  results 
are  to  be  expected  if  gouge  occurrence  in  space  is 
random  (that  gouging  is  a  Poisson  process  in  space 
as  well  as  in  time).  It  should,  however,  be  re¬ 
membered  that  in  areas  where  there  is  appreciable 
bottom  relief,  gouges  tend  to  be  concentrated  on 
the  seaward-sides  of  shoals  with  low  concentrations 
(shadow  zones)  occurring  on  the  sheltered  landward- 
sides. 


GOUGE  ORIENTATIONS 

Data  collected  along  the  Beaufort  coast  indicate 
that  there  is  an  appreciable  variation  in  gouge 
orientation  with  circular  standard  deviations  of 
dominant  orientations  ranging  from  7  to  17  de¬ 
grees.  Along  the  Alaskan  coast,  orientations 
showed  the  most  variability  in  lagoons  and  shallow 
water  (0-10  m)  areas.  In  deeper  water  variations 
generally  decreased.  The  average  orientation  in 
water  deeper  than  20  m  was  98°T  which  is  just  a  few 
degrees  (ca.  10)  less  than  parallel  to  the  coast  in 
this  region  (100°T).  In  most  shallow  water  areas 
gouges  occur  at  slightly  higher  angles  to  the  coast 
(27  to  39°).  Along  the  Canadian  coast,  north  of 
the  area  between  Mackenzie  Bay  and  Cape  Bathurst, 
mean  orientations  are  similar  (99  to  107 °T)  but 
their  relation  to  the  direction  of  the  isobaths 
appears  more  variable  as  the  topography  is  general¬ 
ly  more  complex. 


DEPTH  OF  NEW  GOUGES 

Observations  on  the  depth  of  gouge  sets  are  invari* 
ably  made  from  samples  of  indeterminate  ages  as 
they  occur  at  a  given  time.  The  data  have  been 
found  to  be  satisfactorily  described  by  an  exponen¬ 
tial  distribution 


fx(x)  =  X  e 


x  >  0 


(1) 

over  four  decades  of  relative  frequency  (7,8,16) 
with  the  free  parameter  X  varying  systematically 
with  water  depth.  For  the  Alaskan  Beaufort,  X 
values  vary  from  about  10  nT1  in  shallow  water  to 
2.5  m“  in  30  m  of  water.  The  only  published 
information  on  the  relative  frequency  of  occurrence 
of  the  depth  of  new  gouges  (16)  suggests  a  similar 
type  of  distribution.  It  should  also  be  pointed 
out  that  there  are  other  reasons  for  believing  that 
the  exponential  distribution  is  an  appropriate  dis¬ 
tribution  for  new  gouge  depths.  For  example  it  is 
known  that  pressure  ridge  keel  depths  in  the 
Beaufort  Sea  to  the  north  of  our  present  study  area 
can  be  well  described  by  an  exponential  distribu¬ 
tion  (13).  In  addition  gouges  are  produced  by  the 
deepest  of  such  keels  (the  extreme  values)  and  the 
extreme  value  distributions  that  result  from 
sampling  a  wide  variety  of  initial  distributions  of 
an  exponential  type  are  also  exponential  in  nature. 

There  is  no  information  on  the  variation  in  X  with 
water  depth  for  new  gouges.  In  that  the  reported 
values  were  obtained  in  the  water  depth  range  of  4 
to  20  m  with  a  mean  of  roughly  15  ra,  the  associated 
value  of  X  of  4.52  m”1  would  appear  to  be  somewhat 
lower  than  the  value  of  5.5  m~  estimated  from 
existing  gouges.  This  is  reasonable  in  that  obser¬ 
vations  on  the  infilling  of  trenches  in  the  sea 
floor  indicate  that  deep  trenches  fill  faster  than 
shallow  trenches. 


INFILLING  OF  GOUGES 

Regional  Deposition:  We  will  arbitrarily  divide 
the  sedimentation  processes  on  the  Beaufort  shelf 
into  two  types.  The  first  of  these  are  the  proces¬ 
ses  leading  to  the  general  deposition  of  sediment 
over  the  region.  Observations  on  the  thickness  of 
the  Holocene  sediments  indicate  that  sedimentation 
rates  vary  widely  (thicknesses  range  from  0  to 
10-m).  A  representative  rate  for  the  Alaskan  Shelf 
is  roughly  0.10  cm  yr~^  although  values  as  high  as 
0.60  cm  yr“^  are  found  in  the  vicinity  of  Prudhoe 
Bay  (2).  For  the  Canadian  Beaufort  the  rate  gradu¬ 
ally  decreases  from  0.2  cm  yr-^  in  shallow  water  (0 
to  10  m)  to  0.03  cm  yr”1  in  deeper  water  (50-80 
m).  A  reasonable  mean  is  0.10  cm  yr“*,  a  value 
similar  to  the  Alaskan  mean.  As  might  be  expected, 
values  also  decrease  with  distance  from  the  sedi¬ 
ment  source  at  the  mouth  of  the  Mackenzie  (7). 

As  there  is  not  enough  information  to  attempt  any¬ 
thing  much  more  sophisticated,  we  will  treat  this 
sedimentary  input  as  the  deposition  of  a  uniform, 
constant  thickness  annual  layer  over  the  sea 
floor.  The  sediment  that  falls  into  a  gouge  will 
be  assumed  to  be  concentrated  in  the  bottom  of  the 
gouge  as  opposed  to  being  "draped”  over  the  sides 
of  the  gouge.  This  results  in  the  most  rapid  in¬ 
filling  of  the  widest  and  presumably  the  deepest 
gouges. 

Bedload  Transport:  A  more  difficult  task  is  to 
calculate  the  infilling  of  each  gouge  that  is  in 
addition  to  that  resulting  from  regional  deposi¬ 
tion.  This  process,  which  is  driven  by  the  wave 


and  current  regime  of  the  region,  will  be  referred 
to  as  the  local  transport.  It  is  this  local  trans¬ 
port  that  is  believed  to  be  the  dominant  factor  in 
modifying  the  ice-produced  bottom  topography  by 
infilling  and  ultimately  erasing  existing  gouges 
(4,9).  Fortunately  recent  investigations  of  sedi¬ 
ment  transport  in  the  coastal  environment  particu¬ 
larly  as  focused  on  the  infilling  of  trenches  in 
the  seafloor  have  made  such  calculations  possible. 
In  the  following  we  will  utilize  the  computational 
scheme  suggested  by  Fredsoe  (5).  For  details  the 
reader  should  refer  to  the  original  paper.  Also  in 
the  current  paper  we  will  only  consider  the  bed¬ 
load  transport  produced  by  steady  currents.  As 
this  neglects  the  suspended  sediment  component  we 
are  systematically  underestimating  the  amount  of 
sediment  transport  by  a  few  percent.  In  later 
extensions  of  this  work  we  plan  to  include  this 
component  as  well  as  the  effects  of  waves. 


3.  PROGRAM  DESCRIPTION 

A  general  flow  diagram  for  the  simulation  program 
is  shown  in  Figure  1.  Inputs  for  a  simulation  run 
include  the  length  of  the  run  (number  of  years), 
the  parameters  a  and  X  which  specify  the  Poisson 
distribution  for  the  frequency  of  gouges  and  the 
exponential  distribution  for  gouge  depths  and  a  set 
of  information  specifying  the  sediraentological  and 
hydrodynamic  environment.  This  environmental  data 
set  includes  the  water  depth,  current  velocity, 
gouge  slope  (assumed  to  be  constant),  sediment 
grain  size  and  relative  density  and  the  angle 
between  the  current  and  the  gouges.  The  amount  of 
bed-load  transport  by  the  assumed  current  is  then 


Figure  1.  Flow  diagram  for  the  gouge  sim- 
bel<  ulation  model. 


calculated  from  the  environmental  parameters.  Once 
calculated  this  quantity  is  taken  as  constant  for 
every  year  of  that  particular  run.  This  amount  of 
transport  q^  (m  s”1)  is  given  (5)  by 

qb  ■  /(y-l)gd3,  5p  (/r~*  »  0.7  /T^)  (2) 

where 

p  =  {l+[0.267/( td-Tdc)] 4}_1/4  (3) 

here  y  is  the  relative  sediment  density,  g  is  the 
gravitational  constant,  d  is  the  mean  grain  diamet¬ 
er  of  the  sediment,  is  the  shear  stress  on  the 
bed  and  x^c  is  the  critical  bed  shear  stress  from 
the  Shield’s  diagram  specifying  the  environmental 
conditions  under  which  particles  of  that  particular 
sediment  just  start  to  move. 

The  program  then  enters  the  "yearly”  loop  in  which 
the  number  of  new  gouges  are  generated  and  infill¬ 
ing  of  existing  gouges  takes  place.  First  the 
number  of  new  gouges  is  obtained  by  Monte  Carlo 
sampling  of  the  Poisson  distribution 

x  -a 

f  (x,a)  *  —  x  *  0,1,2,..;  (4) 

*  x*  a  >  0 


Here  a  is  the  average  rate  of  formation  of  new 
gouges  per  year  per  kilometer.  Next  the  depth  and 
along  track  location  of  each  of  the  new  gouges  is 
established  by  Monte  Carlo  sampling  of  the  exponen¬ 
tial  distribution  and  a  uniform  distribution 
respectively  assuming  a  1  km  long  track.  The 
parameter  X  which  controls  the  shape  of  the 
exponential  distribution  is  determined  as  a  func¬ 
tion  of  water  depth  (an  input  parameter). 

The  new  gouge  locations  and  depths  are  then  merged 
with  the  gouge  characteristics  file  which  contains 
the  depth  and  width  of  each  preexisting  gouge 
occurring  along  the  sample  path.  Each  new  gouge  is 
examined  for  overlap  with  preexisting  gouges. 

Should  overlap  occur,  the  deeper  of  the  two  gouges 
is  retained  and  the  other  gouge  is  deleted  from  the 
file. 

Next  infilling  is  calculated  for  all  gouges.  As 
discussed  earlier,  this  is  considered  to  occur  in 
two  steps.  First  the  regional  infilling  with 
assumed  constant  thickness  ^R(i), where  i  is  the 
sequential  number  of  years,  is  introduced  into  each 
gouge.  The  general  procedure  and  the  appropriate 
equations  are  outlined  in  Figure  2.  Then  if  the 
current  is  sufficiently  large  that  bed-load  trans¬ 
port  occurs,  the  amount  of  sediment  introduced  per 
meter  of  gouge  (m3/ra)  is  calculated  from 


REGIONAL  (year  3)  =  ate. 

Figure  2.  Diagram  showing  the  gouge  infilling  strategy  and  the  asso¬ 
ciated  equations. 
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Vi)  -  20  -  /to)  (5> 

where  D  is  the  gouge  depth,  6  is  a  parameter  which 
is  a  function  of  q^  and  also  corrects  the  trans¬ 
port  for  the  angular  differences  between  the  align¬ 
ments  of  the  current  and  of  the  gouge,  t  is  the 
amount  of  time  during  which  the  current  has  been 
active  and  tQ  is  a  time  constant.  During  the 
infilling  process  no  modification  of  the  gouge 
sides  or  of  slope  angles  is  assumed.  The  filled 
gouges  are  then  deleted  from  the  file  and  the 
bottom  widths  and  depths  of  the  surviving  gouges 
are  stored  in  the  gouge  characteristics  file.  At 
designated  time  intervals  the  gouges  are  binned 
according  to  depth  and  the  depth  frequency  distri¬ 
bution  is  printed.  The  program  then  cycles  back  to 
the  gouge  creation  routines  unless  the  specified 
number  of  years  has  been  completed. 


4.  PRELIMINARY  RESULTS 

As  will  be  seen  the  modeling  results  are  highly 
dependent  on  the  assumed  properties  of  the  seafloor 
sediments.  Corings  of  the  subsea  sediments  along 
the  Beaufort  coast  (12)  have  shown  that,  as  along 
most  coasts,  sediment  properties  are  highly  vari¬ 
able.  However,  all  holes  showed  fine-grained  sur¬ 
face  sections  of  marine  sediments  (fine  sand,  silt 
and  -clay)  2—  to  12— ra  thick.  As  gouging  is  a 
surfioial  phenomenon  we  will  only  consider  the 
properties  of  this  layer  which  showed  the  following 
compositional  variation:  gravels,  0  to  5%;  sands  5 
to  75%;  silts,  15  to  60%;  and  clays,  5  to  30%,  The 
average  values  are  2%  gravel,  51%  sand,  31%  silt 
and  15%  clay.  As  sand  and  silt  on  the  average 
comprise  82%  of  the  surface  sediment  layer,  in  the 
following  we  will  examine  representative  mean  grain 
sizes  for  these  two  size  classes  (sand,  0.1  mm; 
silt,  0.01  mm).  For  both  of  these  cases  we  will 
assume  the  following  associated  environmental  con¬ 
ditions:  water  depth  D  =  20  m,  average  rate  of  new 


Figure  3.  The  number  of  gouges 
(intersecting  a  1-km  line) 
shown  as  a  function  of  time 
and  mean  current  velocity  as¬ 
suming  seabed  is  composed  of 
unconsolidated  sand  (see  text 
for  details. 


gouge  formation  g  =  10  gouges  knT“*  yr“*  parameter 
for  gouge  depth  distribution  X  =  3.5  nT  ,  slope  of 
gouge  sides  =  15°,  relative  density  of  the  sediment 
Y  =  2.65,  rate  of  regional  sediment  deposition 
Hr  =  0.10  cm  yr”  ,  and  the  angle  between  the 
gouge  and  the  current  =  45°.  With  these  conditions 
fixed  we  can  then  examine  the  effect  of  changes  in 
the  current  velocity  (v)  on  the  resulting  calculat¬ 
ed  gouge  distribution.  In  the  following,  in  calcu¬ 
lating  the  amount  of  gouge  infilling,  we  will 
assume  that  the  current,  taken  to  be  constant,  only 
operates  for  two  months  of  each  year  (during  the 
ice-free  season). 

Assuming  that  the  sea  floor  is  composed  of  uncon¬ 
solidated  sand,  Figure  3  shows  the  estimated  number 
of  gouges  that  would  be  observed  along  a  1-km  line 
plotted  as  a  function  of  time  for  three  different 
velocities  v  =  0.1,  0.3  and  0.5  m  s-i.  Figure  4 
shows  the  histograms  of  gouge  depths  as  they  are 
estimated  to  occur  at  the  end  of  a  50  year  period. 
For  the  sand  considered,  v  **  0.1  m  s~*  is  just 
above  the  threshold.  The  results  are  rather  sur¬ 
prising  at  first  glance.  At  the  end  of  50  years, 
although  on  the  average  500  gouges  have  occurred, 
only  161  gouges  show  in  the  record  In  the  case  of 
no  sediment  motion.  This  low  value  results  from 
the  low  assumed  angle  for  the  slopes  of  the  gouge 
sides  which  causes  the  gouges  to  be  relatively 
quite  wide  (e.g.  a  2-ra  deep  gouge  would  be  almost 
15-m  wide).  Therefore  many  gouges  occur  ”on-top- 
ofM  preexisting  gouges.  For  instance,  at  the  end 
of  50  years,  620-m  of  the  1-km  track  is  gouged 
indicating  a  probability  at  that  time  of  a  new 
gouge  occurring  at  an  already  gouged  location  to  be 
62%.  Clearly  in  future  work  the  general  covering 
problem  should  be  carefully  considered.  If  current 
velocity  is  only  slightly  above  the  threshold 
velocity  there  is  a  drastic  reduction  in  the  number 
of  gouges  due  to  infilling  (161  to  24)  and  at  a 
current  velocity  of  0.5  m  s~ 1  there  are  no  gouges 
(all  the  gouges  that  formed  have  been  infilled. 


SAND 

N*0 

v*0.5  m  $”' 

Figure  4.  Histograms  of  the  number  of  gouges 
of  different  depths  (intersecting  a  1-km 
line)  that  occur  after  a  50-year  simulation 
assuming  a  seabed  of  unconsolidated  sand. 
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Figure  5.  The  number  of  gouges 
(intersecting  a  1-km  line) 
shown  as  a  function  of  time 
and  mean  current  velocity  as¬ 
suming  seabed  is  composed  of 
unconsolidated  silt  (see  text 
•  for  details) , 


Figure  6.  Histograms  of  the  number  of  gouges  of  dif¬ 
ferent  depths  (intersecting  a  1-km  line)  that  occur 
after  a  50-year  simulation  assuming  a  seabed  of  un¬ 
consolidated  silt. 


MUST  NOT 

The  results  for  silt  (Figs.  5  and  6)  are  similar^ 
with  v  =  0.05  m  s”1  being  below  and  v  =  0.10  m  s“ 
being  just  above  the  threshold  value  for  sediment 
movement.  Note  that  the  0.10  m  s_I  histogram  shows 
both  fewer  gouges  and  a  systematic  bias  toward 
smaller  gouges  when  contrasted  with  the  0.05  m  s'* 
histogram.  At  the  higher  current  speeds  there  is  a 
drastic  decrease  in  both  the  number  and  the  depth 
of  the  existing  gouges. 


variety  of  sediment  and  environmental  parameters. 
We  also  intend  to  more  fully  develop  the  model  to 
include  suspended  sediment  and  combined  wave  and 
current  regimes.  Associated  with  this  latter 
effort  we  are  attempting  to  develop  an  expanded 
wave  and  current  climatology  for  the  Beaufort 
coast. 


6.  ACKNOWLEDGEMENTS 


5.  CONCLUSIONS 

To  date  work  on  the  ice  gouging  phenomenon  has  been 
completely  focused  on  the  question  of  safe  burial 
depths  for  offshore  pipelines.  This  is  a  complex 
problem  In  that  deep  burial,  that  would  clearly 
place  the  pipeline  beneath  a  maximum  probable 
gouge,  invariably  places  the  line  nearer  or  even  in 
subsea  permafrost  where  the  heat  produced  by  the 
^lowing  oil  could  cause  melting,  compaction  and 
slumping  with  the  possibility  of  associated  pipe¬ 
line  failure. 

The  naval  problem  is  somewhat  different  in  that  it 
presumably  would  be  primarily  focused  on  emplacing 
reliable  communication  lines  and  sensing  devices  on 
the  floors  of  the  arctic  shelves.  Fortunately  such 
systems  do  not  usually  generate  significant  amounts 
of  heat  and  could  reasonably  safely  be  installed 
near  bonded  permafrost  without  anticipating  signi¬ 
ficant  problems.  The  difficulty  is  in  establishing 
the  appropriate  environmental  conditions  that  apply 
to  a  given  site  or  region.  If  this  type  of  infor¬ 
mation  can  be  obtained  prior  to  system  installa¬ 
tion,  modeling  approaches  such  as  discussed  in  this 
paper  could  be  very  useful  in  optimizing  emplace¬ 
ment  procedures  to  provide  a  maximum  system  life¬ 
time. 
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ABSTRACT 

In  1986  the  Defense  Meteorological  Satellite 
Program  will  launch  a  high  resolution,  microwave 
imager  which  for  the  first  time,  will  provide 
real-time  microwave  data  on  sea  ice,  atmospheric 
moisture  and  precipitation,  soil  moisture,  and 
ocean  parameters.  Both  the  U.S.  Air  Force  and 
the  Navy  plan  operational  use  of  the  Special 
Sensor  Microwave  Imager  (SSM/I)  data.  However, 
there  will  also  be  many  applications  for  these 
data  after  operational  needs  are  met. 

National  Snow  and  Ice  Data  Center  (NSIDC)  has 
been  funded  by  NASA  Polar  Oceans  Program  to 
develop  a  computer  based  Cryospheric  Data 
Management  System  (CDMS).  This  will  extract  the 
polar  SSM/I  data  and  make  them  readily  available 
to  the  "secondary"  or  non-opera tional  user 
consaunity . 


1.  INTRODUCTION 

Satellite  based  data  sources  for  study  of  polar 
oceanography  will  increase  dramatically  during 
the  next  decade  due  to  the  planned  launching  of 
several  satellites.  Currently  planned 
satellites  include  GEOSAT,  TOPEX,  N-ROSS,  DMSP- 
SSM/I,  ERS-1,  and  RADARSAT.  Each  of  these 
satellites  either  include  partial  or  complete 
capabilities  for  passive  and  active  microwave 
imaging,  profiling,  and  altimetry  systems. 
There  will  exist  unprecedented  opportunity  for 
utilization  of  these  data  in  sea  ice,  sea  state, 
surface  winds,  and  atmospheric  sounding, 
research* ,^- 

With  respect  to  sea  ice  observations,  these 
sensor  systems  for  the  first  time  will  provide 
routine  high  resolution,  daily,  all-weather 
coverage.  The  SSM/I  will  be  the  first 
operational  passive  microwave  imaging  sensor. 
Based  on  current  research  trends  (cf.  )  and  a 
survey  of  potential  Nimbus  7  Scanning 
Multichannel  Mircowave  Radiometer  (SMMR)  sea  ice 
data  users\  we  conclude  that  the  SSM/I 
microwave  data  will  be  of  wide  interest  to  the 
research  community. 


In  order  to  assure  effective  use  of  the  SSM/I 
data  for  polar  cryospheric  research,  NASA  Polar 
Oceans  Program  organized  a  Science  Working  Group 
(SWG)  for  the  SSM/I.  The  SWG  was  tasked  to 
decide  (a)  which  problems  of  sea  ice  research 
could  most  appropriately  be  addressed  using 
SSM/I  data  and  (b)  what  are  the  associated  SSM/I 
data  requirements  to  help  solve  these  problems. 
The  remainder  of  this  paper  describes  the 
implementation  of  the  SWG  recommendations^  for 
data  requirements. 

2.  CDMS  DESIGN  RATIONALE 

The  need  for  a  computer-based  integrated  data 
management  and  access  system  has  been  recognized 
by  the  NSIDC  for  several  years^*  The  NSIDC/WDC 
experience,  as  reported  in  Glaciological 
Da  ta , 6  ,  ^  ^  ,  has  shown  some  problem  areas 
associated  with  producing  climatological 
archives  which  arise  from  the  fact  that  most  sea 
ice/snow  cover  analyses  are  performed  on  an 
operational  basis.  Several  consequences  of  this 
approach  are  apparent.  Because  of  time 
constraints  not  all  of  the  potential  data 
sources  are  necessarily  included  in  the 
analysis,  and  there  is  little  opportunity  for 
quality  checking  of  the  data  or  products. 
Furthermore,  the  final  analyses  are  often  not  in 
a  form  that  can  be  readily  used  by  the 
researcher.  Snow  and  Ice  data  are  frequently 
presented  in  chart  form,  whereas  most  research 
purposes  require  some  form  of  numerical  gridded 
data.  In  addition,  snow  and  ice  information 
tends  to  be  fragmented  and  scattered  among 
multiple  federal,  state  and  foreign 
institutions , 


The  CDMS  design  (figure  1)  responds  to  these 
problems  by  providing  a  single  inventory  focal 
point  for  snow  and  ice  data.  Improved  access  to 
a  subset  of  the  currently  produced  digital  data 
sets  (e.g.  SSM/I),  and  analytical  tools  to  aid 
data  use.  The  CDMS  attempts  to  conform  to  the 
principles  enumerated  in  the  National  Research 
Council  Committee  on  Data  Management  and 
Computation  report^  for  effective  data 
management . 
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Figure  1.  Conceptual  schematic  diagram  of  the 
Cryospheri.c  Data  Management  System. 


3.  SENSOR  DESCRIPTION  AND  DATA  FLOW 

The  SSM/I  is  a  passive  microwave  radiometer 
system  which  will  be  installed  on  a  Block  5D-2 
DMSP  satellite  in  sun-synchronous  near-polar 
orbit.  The  first  launch  is  scheduled  for  early 
1986  with  subsequent  launches  between  1987  and 
the  late  1990's.  During  some  time  periods,  two 
SSM/I  sensors  may  be  in  operation 
simultaneously,  producing  two  distinct  data 
streams . 

The  instrument  will  operate  at  four  frequencies: 
19.3,  22.2,  37.0,  and  85.3  GHz.  Vertical  and 

horizontal  polarizations  are  provided  for  each 
frequency,  except  the  22.2  GHz  channel  which  has 
only  vertical  polarization.  The  19.3,  22.2  and 
37.0  channels  will  have  a  scene  station 
resolution  of  25  km,  and  the  85.5  GHz  channel 
will  have  a  resolution  of  12.5  km12.  The 
satellite  orbital  characteristics  permit  daily 
global  coverage.  In  the  polar  regions  repeat 
coverage  is  possible  each  12  hours  due  to  the 
orbital  overlap. 

The  data  from  the  SSM/I  package  will  be 
transmitted  to  earth  data  processing  stations  at 
Fleet  Numerical  Oceanography  Center  (FNOC)  and 
the  Air  Force  Global  Weather  Central  (AFGWC). 
At  these  locations  engineering  values  will  be 
converted  to  equivalent  antenna  brightness 
temperatures  (System  Data  Records  [ SDK's J)  and, 
in  some  cases,  into  environmental  parameter  data 
(Environmental  Data  Records,  [EDR's  j ). 

The  CDMS  will  receive  SSM/I  data  from  FNOC 
through  Satellite  Data  Services  Division  (SDSD) 
of  the  National  Environmental  Satellite,  Data 
and  Information  Service  (NOAA-NESDIS)  under  the 
aegis  of  the  DoD-NOAA  Shared  Processing 
Agreement.  Initially  these  data  will  be 
transferred  on  magnetic  tape  from  FNOC  to 
NESDIS-SDSD,  where  tape  copies  will  be  made  and 
forwarded  to  NSIDC.  When  the  proposed  satellite 


data  communications  link  between  FNOC,  AFGWC  and 
NESDIS  is  operational,  the  FNOC  to  NESDIS 
portion  of  the  data  transfer  will  be  over  high 
speed  satellite  channels.  However,  NSIDC  will 
continue  to  receive  data  from  SDSD  via  magnetic 
tape  (see  figure  2). 


Figure  2.  Schematic  diagram  of  SSM/I  data  flow 
and  proposed  CDMS-SSM/I  data  products. 


4.  CDMS-SSM/I  IMPLEMENTATION 

The  SSM/I  data  constitutes  the  first  data  set  to 
be  placed  in  the  CDMS.  The  specific  SSM/I 
related  functions  to  be  implemented  include  the 
following: 

-  Extract  SSM/I  cryospheric  data  from  the 
orbital  input  data  stream, 

-  Create  mapped  data  sets, 

-  Provide  an  interactive  data  catalog, 

-  Distribute  data  to  the  user  community, 

-  Implement  revised  microwave  algorithms, 

-  Provide  special  products  upon  user 
request . 

Rather  than  design  a  totally  new  computerized 
data  base  management  system  for  SSM/I  data, 
NSIDC  in  conjunction  with  its  NASA  sponsors, 
decided  to  utilize  the  existing  the  Pilot  Ocean 
Data  System  (PODS),  which  meets  the  above  stated 
functional  needs.  The  PODS  system  is  being 
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adapted  for  SSM/I  data  by  its  developers  at  the 
Jet  Propulsion  Laboratory  (JPL).  The  PODS 
software  will  be  transferred  to  NSIDC  via  a 
"technology  transfer"  arrangement  and  will  be 
installed  on  NSIDC's  VAX75Q  computer  system. 

Additionally,  CDMS  will  become  the  first 
operational  remote  node  on  the  proposed  NASA 
Ocean  Data  System  (NODS),  also  under  development 
at  JPL.  Integration  into  NODS  will  provide  CDMS 
users  access  to  the  federated  data  catalog  as 
well  as  virtually  any  data  set  in  NODS, 

The  hardware  required  to  process  and  manage  the 
SSM/I  data  includes  a  VAX  11/750  minicomputer 
with  supporting  magnetic  disk  and  tape  systems. 
In  order  to  efficiently  store  the  projected 
large  volume  of  data,  laser  optical  disks  will 
be  employed  when  stable,  functioning  devices 
become  available.  JPL  is  currently  requesting 
bids  for  laser  optical  disk  systems  which  meet 
PODS  (and  CDMS)  needs.  It  is  hoped  that  such  a 
device  will  be  available  within  the  next  18-24 
months.  Should  optical  disk  not  be  available, 
then  the  primary  storage  medium  will  be  magnetic 
tape  (see  figure  3). 


CDMS  COMPUTER  SYSTEM 


Figure  3.  CDMS  computer  system  configuration. 
Laser  optical  disk,  graphics  display,  and  high 
speed  communications  hardware  have  not  been 
acquired  yet. 

Users  will  access  CDMS  via  telephone  dial-up 
service,  either  directly  or  through  a  packet 
switching  network  such  as  Telenet.  The  PODS 
system  provides  a  menu-driven  interface  which 
takes  the  user  through  the  data  selection  and 
tailored  product  generation  process.  Selected 
data  may  be  downloaded  over  the  telephone  link 
if  small  in  size,  or  automatically  copied  to 
magnetic  tape  for  delivery  to  the  user's 
location. 


5.  SSM/I  PRODUCTS 

The  SWG  recommended  that  the  SSM/I  archive 
contain  four  distinct  data  sets.  These  include: 
swath-oriented  brightness  temperatures  (SDR's) 
for  all  frequencies  and  polarizations;  gridded 
average  brightness  temperatures  for  polar 
regions;  gridded  average  total  ice  concentration 
and  multiyear  ice  fraction  for  polar  regions; 
and  daily  ice  boundaries.  CDMS  will  contain 
each  of  these  data  types  in  addition  to 
maintaining  a  data  catalog,  browse  image 
collection,  and  brightness  temperature  monitor 
areas.  Each  of  these  are  described  below. 

The  swath-oriented  brightness  temperature 
archive  is  the  basic  collection  of  SDR  data  from 
which  all  the  other  data  products  are  generated. 
The  swath  data  will  be  reformatted  into  a  rapid 
access  archive  residing  on  optical  disk  and  will 
be  accessed  by  either  temporal  and  geographic 
indexes.  Since  the  data  set  will  be  large,  on 
the  order  of  28,000  MB  per  year,  user  access 
will  be  by  staging  data  from  optical  disk  to 
magnetic  tape,  or  in  limited  cases  to  magnetic 
disk. 

The  SDR's  will  be  binned  into  polar  grids  (see 
figure  4)  and  averaged  on  a  daily  basis. 
Separate  grids  for  each  frequency  and 
polarization  will  be  generated.  Grid 
resolutions  will  vary  depending  on  the  channel 
frequency.  Spatial  resolution  of  the  85.5  GHz 
channel  will  be  12.5  km  and  all  other  channels 
will  be  25  km.  Brightness  temperature  data  can 
also  reside  on  optical  disk  and  be  staged  to 
magnetic  disk  for  limited  analysis  by  the  user. 
The  grids  will  require  about  2,150  MB  of  storage 
space  per  year. 

The  gridded  brightness  temperatures  will  be 
combined  to  produce  multiyear  ice  fraction, 
concentration,  and  ice  edge  products  on  a  daily 
basis.  The  SWG  algorithms  will  be  employed 
rather  than  using  the  Navy's  operational  set. 
The  SWG  algorithms  are  currently  under 
development  but  will  be  completed  by  SSM/I 
launch.  Grid  resolution  of  the  ice  products  is 
25  km,  except  the  daily  ice  edge,  which  is  12.5 
km. 

A  data  catalog  and  inventory  of  CDMS  data  will 
be  maintained.  The  user  will  access  the  data 
catalog  first,  to  determine  the  data  sets 
available  within  his  temporal  and  geographic 
specifications.  The  PODS  software  permits 
direct  correlation  of  selected  data  within  the 
catalog  subsystem  to  extraction  of  the  requested 
data  from  the  data  management  system. 

In  order  to  permit  rapid  visual  scanning  of  the 
SSM/I  gridded  products,  a  low  resolution  browse 
image  collection  will  be  assembled.  The  browse 
images  will  be  stored  in  a  device  independent 
graphics  metacode  format  permitting  rapid 
conversion  to  various  types  of  graphics  display 
devices.  The  design  goal  is  to  permit  the  user 
to  access  one  image  of  data  in  approximately  15- 
BO  seconds  of  clock  time  over  dial-up  circuits. 
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provided  to  the  algorithms  used  to  generate 
geophysical  parameters  for  research  purposes. 
Routine  checks  of  earth  location  will  also  be 
made . 


6.  PROPOSED  SERVICES 

The  PODS  software,  which  will  be  used  in  the 
CDMS  utilizes  a  menu  driven  user  interface^. 
In  order  to  select  data  for  extraction,  the  user 
steps  through  a  series  of  options  presented  one 
screen  at  a  time.  The  menu  system  may  be 
circumvented  by  expert  users.  Requests  for  data 
are  automatically  queued  to  the  VMS  operating 
system.  If  operator  intervention  is  required, 
for  example  for  a  tape  mount,  the  PODS  system 
requests  and  monitors  the  request. 

Users  will  gain  access  to  the  CDMS  on-site  or 
remotely  via  dial-up  ports  and/or  through  a 
packet  switched  network  such  as  Telenet. 
Currently  planned  modems  will  support  up  to  1200 
baud  connections.  Connection  to  a  higher  speed 
satellite  based  network  is  under  consideration. 
The  products  described  in  Section  5  will  be 
available  to  users.  Most  likely,  additional 
data  analysis  on  the  CDMS  computer  will  not  be 
permitted  due  to  its  limited  capacity. 
Therefore,  analysis  of  the  extracted  data  will 
be  carried  out  at  the  user's  home  institution. 

7.  CONCLUSIONS 

Implementation  of  the  CDMS  for  SSM/I  data  will 
permit  for  the  first  time  rapid  access  to  a 
satellite  microwave  data  set  by  the  secondary 
user  community.  Future  cryospheric  information 
such  as  radar  altimetry  over  continental  ice 
sheets  from  proposed  European  Space  Agency 
satellites  or  GEOSAT  could  also  be  distributed 
through  this  system.  When  CDMS  is  expanded  to 
its  full  potential,  it  will  provide  a  single 
integrated  access  point  for  most  cryospheric 
satellite  and  ground  based  data  sets. 
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Figure  4.  Geographical  areas  in  the  northern 
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Spacecraft  sensors  tend  to  undergo  long-term 
changes  in  sensitivity,  usually  in  the  form  of  a 
degradation.  Consequently,  the  calibration  of 
SSM/I  will  be  routinely  validated  by  examining 
at  least  monthly,  the  brightness  temperatures  of 
certain  monitor  areas.  These  monitor  areas  are 
regions  of  the  earth  a  few  hundred  kilometers 
across,  known  to  have  a  small  variation  in 
microwave  emission  over  long  periods.  Possible 
regions  include  the  Southeast  Pacific,  the 
Amazon  rain  forest,  and  the  Antarctic  ice  sheet. 
By  using  the  measured  brightness  temperatures  of 
these  features,  and  by  linearly  adapting  SSM/I 
SDR  radiances  to  keep  these  values  constant, 
consistent  brightness  temperatures  should  be 


The  NSIDC,  originally  proposed  in  1978  and 
established  by  NOAA  in  1982,  provides  a  broader 
focus  for  now  and  ice  data  management  than 
exists  within  the  mission  agencies.  It 
accomplishes  this  by  providing  a  national  focal 
point  for  data-related  matters,  especially  the 
development  of  standard  procedures  and  formats 
for  data  bases,  and  by  seeking  to  ensure  that 
appropriate  data  handling  procedures  accompany 
the  development  of  new  observational  systems  and 
programs.  The  National  Snow  and  Ice  Data  Center 
is  operated  by  the  Cooperative  Institute  for 
Research  in  Environmental  Sciences,  University 
of  Colorado  for  NOAA-NESDIS  through  a  contract 
with  the  National  Geophysical  Data  Center, 
Boulder,  Colorado. 
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ABSTRACT 

The  capabilities  and  limitations  of  the  Joint  Ice 
Center  to  produce  operational  sea  ice  analyses  and 
forecasts  are  examined.  Remotely  sensed  data  from 
National  Oceanic  and  Atmospheric  Administration 
(NOAA),  Defense  Meteorological  Satellite  Program 
(DSMP),  and  National  Aeronautics  and  Space 
Administration  (NASA)  satellites  are  combined  with 
conventional  ice  observations  collected  from 
aircraft,  ships  and  shore  stations  to  construct 
operational  ice  analyses.  Forecast  guidance 
products  from  the  Fleet  Numerical  Oceanography 
Center  (FNOC)  and  the  National  Meteorological 
Center  (NMC)  are  utilized  along  with  analog  and 
statistical  methods  to  produce  both  short  range  and 
long  range  ice  forecasts.  Sea  ice  analysis  and 
forecast  products  are  disseminated  usxng  a  variety 
of  communications  means. 


INTRODUCTION 

The  United  States  Navy,  originally  through  the  U.S. 
Naval  Oceanographic  Office  and  now  through  the 
Naval  Polar  Oceanography  Center,  has  been  providing 
sea  ice  analysis  and  forecasting  services  to  the 
Department  of  Defense  since  the  1950’s.  The  Joint 
Ice  Center  (JIC)  was  established  in  1976  as  a 
result  of  a  severe  ice  season  on  the  North  Slope  of 
Alaska  which  brought  into  focus  the  necessity  for 
commercial  concerns  to  have  timely  and  accurate  ice 
related  support. 

JIC  products  and  much  of  the  government  data 
utilized  in  their  construction  are  or  can  be  made 
available  to  both  military  and  commercial  users. 
Presented  in  this  paper  are  descriptions  of  JIC 
data  sources,  analysis  methods,  products,  and  the 
available  dissemination  channels. 

DATA  SOURCES 

Over  the  past  30  years,  both  data  sources  and 
analysis  methods  have  slowly  evolved.  The  sea  ice 
anlysis  is  a  manual  synthesis  of  a  wide  variety  of 
data  with  differing  scales  and  accuracy.  Due  to 
the  remote  nature  of  the  polar  regions  and  the 
difficulties  and  expense  involved  in  collecting 
ground  truth  data,  the  use  of  remote  sensing 
techniques  is  imperative  to  the  timely  production 
of  an  operational  analysis.  Despite  the  value  of 
ground  truth  data,  80-90%  of  the  data  used  in  sea 


ice  analyses  are  satellite  derived.  Descriptions  of 
these  data  and  analysis  methods  follow,  A  detailed 
summary  of  JIC  products  and  data  sources  is  found 
in  Godin  ( 1981 ) . 

1 .  Ship  Reports 

Although  ship  reports  represent  point  data  sources 
they  are  extremely  valuable  because  of  their 
accuracy  and  are  considered  highly  reliable  ground 
truth  data.  These  data  come  in  two  basic  formats. 
The  first,  and  by  far  the  most  common,  is  the  ICE 
group  appended  to  the  ship  synoptic  weather 
observation.  Although  limited  to  5  digits,  this 
group  contains  information  concerning  the 
concentration  of  the  ice,  the  form  or  forms  of  ice, 
the  stage  of  ice  development,  the  orientation  of 
the  ice  edge  and  a  subjective  categorization  of  the 
overall  ice  situation  faced  by  the  reporting  ship 
as  well  as  information  concerning  icebergs.  The 
second  format  is  the  ship  ice  observation.  These 
observations  are  reported  in  multigroup  numerical 
codes  that  provide  detailed  data  on  ice  conditions. 
Codes  used  are  national  codes  which  vary 
significantly. 

2.  Shore  Reports 

Shore  reports  are  also  ground  truth  data  and  are 
received  in  a  variety  of  formats  ranging  from  plain 
language  descriptions  to  multigroup  numerical  codes 
similar  to  the  ship  sea  ice  observation  codes. 

These  reports  are  available  in  the  Baltic  and  Gulf 
of  Bothnia,  and  for  Greenland,  Canada,  and  Alaska. 

3.  Aerial  Sea  Ice  Reconnaissance 

Aerial  visual  and  radar  observation  of  sea  ice  is 
the  largest  source  of  ground  truth  data.  These 
data  are  received  in  a  variety  of  methods  ranging 
from  national  numerical  codes  to  graphic 
transmissions  of  completed  ice  reconnaissance 
charts.  These  data  include  concentration,  ages  and 
stages  of  ice,  topography,  forms  of  ice  and  data  on 
leads  and  polynyas.  While  aerial  reconnaissance  is 
the  source  of  the  greatest  amount  of  first  order 
sea  ice  data,  it  is  not  practical  to  fly  sea  ice 
reconnaissnaoe  over  the  entire  Arctic.  Aerial 
reconnaissince  is  normally  limited  to  the  major 
shipping  routes. 

4.  Visible  and  Infrared  Imagery 

Visible  and  infrared  imagery  is  available 
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operationally  from  the  NOAA  TIROS-N  series 
satellites  (currently  NOAA  6  and  NOAA  9)  and  from 
DMSP  satellites.  All  of  these  satellites  are  in 
polar  orbits,  A  description  of  each  of  these 
satellite  systems  follows: 

a.  NOAA  TIROS-N  Series  Satellites:  The  sensor 
onboard  the  NOAA  TIROS-N  series  satellites  is  the 
Advanced  Very  High  Resolution  Radiometer  (AVHRR) 
which  provides  visible  and  infrared  imagery  with  a 
1  km  resolution  at  the  satellite’s  subpoint.  The 
data  is  provided  in  two  resolution  levels  and  two 
transmission  modes.  Direct  transmission  and 
delayed  transmission  of  the  recorded  data  are  the 
available  modes.  High  resolution  1  km  data  is 
known  as  High  Resolution  Picture  Transmission 
(HRPT)  in  the  direct  transmission  mode  and  Local 
Area  Coverage  (LAC)  in  the  delayed  transmission 
mode.  The  spacecraft  does  not  have  sufficient 
recorder  time  available  to  provide  daily  global  LAC 
coverage.  A  4  km  resolution  data  stream  is 
directly  transmitted  as  an  analog  signal  known  as 
the  Automatic  Picture  Transmission  (APT)  mode. 

Four  km  data  is  also  digitally  recorded  to  provide 
daily  global  coverage  known  as  Global  Area  Coverage 
(GAC).  While  the  methods  used  to  reduce  the 
resolution  of  APT  and  GAC  imagery  differ,  the 
resolution  is  normally  4  km  for  both.  The  JIC 
receives  visible  GAC  imagery  daily.  Infrared  GAC 
imagery  is  not  currently  operationally  available 
due  to  limited  computer  processing  capability. 

NOAA’s  satellite  receiving  ground  station  at 
Gilmore  Creek,  Alaska  (65N,148W)  permits  daily  HRPT 
data  coverage  for  the  Beaufort,  Chuckchi ,  and 
Bering  Seas  as  well  as  portions  of  the  East 
Siberian  Sea,  the  Canadian  Archipelago,  and  the 
central  Arctic  Basin.  The  remainder  of  the  high 
resolution  data  for  the  Arctic  -must  be  recorded  and 
downlinked  as  LAC  data.  The  limited  recorder  space 
available  and  the  large  number  of  users  vying  for 
the  recorded  imagery  limits  high  resolution 
coverage  of  the  entire  Arctic  to  approximately  once 
a  week. 

b.  DHSP  Series:  Visible  and  infrared  imagery 

are  available  to  the  JIC  daily  from  DMSP  satellites 
as  a  polar  stereographic  mosaic.  Although  the 
sensors  onboard  the  spacecraft  are  of  higher 
resolution,  the  resolution  of  the  mosiac  is 
approximately  4-6  km  depending  upon  location.  This 
provides  the  only  global  daily  infrared  coverage 
available  to  the  JIC. 

5.  Passive  Microwave  Data 

Passive  microwave  data  is  available  from  the 
Scanning  Multichannel  Microwave  Radiometer  (SMMR) 
on  the  NIMBUS-7  satellite.  The  radiometer  senses 
the  microwave  radiation  emitted  from  the  surface  of 
the  earth.  This  radiation  is  measured  as 
brightness  temperature  (which  is  different  from  the 
physical  temperature).  Brightness  temperature  data 
from  SMMR  is  operationally  processed  at  the  NASA 
Goddard  Space  Flight  Center  into  total  ice 
concentration  and  multiyear  fraction  categories. 

It  is  then  displayed  as  a  gridded  polar  mosaic 
printer  graphic  with  a  resolution  of  60  km  even 
though  the  resoultion  of  the  SMMR  sensor  is  25  km. 
Until  late  1982,  passive  microwave  data  was 


available  from  the  Electrically  Scanning  Microwave 
Radiometer  (ESMR).  The  brightness  temperature  data 
from  the  ESMR  was  processed  into  a  photographic 
image  rather  than  being  processed  through  an 
algorithm. 

ANALYSIS  METHODS 

1.  Analysis  from  Visible  and  Infrared  Imagery 

LAC  and  HRPT  visible  and  infrared  imagery  are  the 
highest  resolution  satellite  data  available  to  the 
JIC.  The  imagery  is  manually  gridded  using 
discernable  geographic  landmarks  and  then  manually 
analyzed.  Because  the  albedo  of  ice  and  snow  are 
in  the  same  range  as  the  albedo  of  clouds,  the 
analyst  must  use  pattern  and  texture  recognition 
techniques  to  distinguish  between  cloud  cover  and 
ice  cover  in  the  visible  imagery.  Similarly,  the 
temperature  ranges  of  the  clouds  and  the  ice  in  the 
Arctic  overlap  and  similar  techniques  for  the 
analysis  of  infrared  imagery  must  be  used.  The 
ability  to  distinguish  between  cloud  cover  and  ice 
cover  is  largely  a  function  of  the  resolution  of 
the  imagery  with  more  textural  characteristics 
being  discernable  at  higher  resolutions.  Imagery 
with  a  resolution  coarser  than  4  km  is  of  marginal 
utility  because  too  many  of  the  textural 
characteristics  are  indistinguishable. 

The  major  drawback  to  using  visible  and  infrared 
imagery  for  sea  ice  analysis  is  their  inablility  to 
penetrate  cloud  cover.  Cloud  cover  in  the  Arctic 
varies  from  30-90%  with  the  cloud  cover  over  the 
marginal  ice  zone  (MIZ)  ranging  from  60-90%.  It  is 
not  uncommon  for  a  given  region  of  the  Arctic  to 
remain  cloud  covered  for  a  period  of  3  weeks  or 
more.  Additionally  visible  imagery  is  useless  in 
the  darkness  of  the  Arctic  winter.  Infrared 
imagery  is  of  marginal  utility  during  the  summer  as 
the  surface  temperature  of  the  ice  approaches  the 
sea  surface  temperature.  However,  this  imagery 
does  have  value  during  the  summer  as  an  aid  in 
defining  geographic  landmarks  which  are 
significantly  warmer  than  the  ocean.  This  aid  is 
needed  due  to  the  difficulty  in  identifying  these 
landmarks  on  the  visible  imagery. 

New  sea  ice  does  not  have  a  sufficiently  large 
difference  in  either  albedo  or  temperature  from  the 
sea  water  to  be  discernable  on  the  available 
visible  or  infrared  imagery.  Ice  is  generally  not 
detectable  with  1  km  resolution  imagery  until  it 
reaches  the  thickness  of  young  ice  (10-30  cm). 

2.  Analysis  from  Passive  Microwave  Data 

The  character  of  the  microwave  radiation  emitted 
from  sea  ice  varies  with  the  age  of  the  ice.  This 
variation  is  due  primarily  to  the  change  in  the 
salinity  of  the  ice  as  the  age  increases.  With 
passive  microwave  data,  it  is  possible  to 
distinguish  the  ages  of  sea  ice  as  well  as 
determine  the  concentration  of  the  ice.  The 
greatest  advantage  to  passive  microwave  is  its 
ability  to  penetrate  cloud  cover  and  darkness. 
Despite  the  coarse  resolution  of  SMMR  data,  its 
all-weather,  day/night  capability  makes  it  an 
extremely  valuable  analysis  tool.  Passive 
microwave  does  have  several  severe  limitations 


other  than  its  coarse  resolution.  Because  the 
radiometer  senses  the  radiation  emitted  by  the 
surface  of  the  ice,  an  ice  floe  covered  with  melt 
ponds  and  wet  snow  during  the  summer  may  be  sensed 
as  open  water.  Additionally,  the  sensor  antenna 
has  several  side  lobes  which  may  cause 
contamination  when  near  a  strong  microwave  emitter 
such  as  a  landmass.  To  complicate  the  summertime 
problems,  SMMR  data  may  be  contaminated  by  liquid 
precipitation.  This  contamination  can  be 
identified  and  eliminated  by  the  analyst  by 
examining  a  time  series  of  SMMR  data  and  synoptic 
weather  maps.  Precipitation  regions  will  move  much 
faster  than  will  the  ice.  On  the  positive  side, 
microwave  sensors  are  capable  of  sensing  thin  ice 
before  it  is  discernable  in  visible  or  infrared 
imagerey . 

3.  Methodology 

The  first  stage  of  the  analysis  process  is  to  plot 
all  ground  truth  data.  These  ship  and  shore 
reports  and  aerial  observations  are  then  evaluated 
for  "reasonableness".  Available  high  resolution 
visible  and  infrared  imagery  is  analyzed  and 
transposed  to  the  work  chart.  GAC  imagery  is  then 
analyzed  to  fill  any  regions  that  were  not  covered 
by  LAC  or  HRPT.  SMMR  data  is  analyzed  and 
transposed  to  the  work  chart  as  the  initial 
analysis.  All  the  data  is  then  evaluated  by  the 
analyst  and  compared  against  the  previous  week’s 
analysis.  Where  questions  arise  on  imagery 
interpretation,  nearby  weather  reports  are  reviewed 
for  types  of  cloud  cover,  presence  of  fog  and  air 
temperature.  This  data  is  very  helpful  in 
identifying  subtle  differences  between  clouds  and 
ice.  In  regions  where  insufficient  data  exists  to 
define  the  ice  edge,  an  estimated  edge  is 
identified  based  on  calculated  ice  drift  for  the 
preceeding  week  and  growth/decay  expectations  based 
on  air  temperatures  and  empirical  ice  thickness 
calculations. 

The  analysis  is  reviewed  by  the  ice  forecasters  for 
continuity  and  credibility  based  on  the  previous 
week's  analysis  and  the  meteorological  conditions 
prevalent  during  the  week  as  well  as  climatology. 
Any  late  data  arriving  after  the  analysis  is 
completed  will  not  effect  the  distributed  charts. 
However,  any  errors  noted  in  the  analysis  will  be 
corrected  on  the  master  analysis  to  prevent  the 
error  propagating  to  the  next  week's  analysis  and 
to  maintain  the  most  accurate  archive  possible. 

Ice  charts  are  labeled  in  the  World  Meteorological 
Organization's  (WMO)  "egg"  code  and  distributed  to 
foreign  and  domestic  users  by  mail.  At  the  end  of 
a  calendar  year,  the  master  charts  are  reviewed  for 
accuracy  and  are  forwarded  to  the  National  Climatic 
Data  Center  (NCDC).  NCDC  digitizes  the  data  in  the 
Sea  Ice  Grid  (SIGRID)  format.  The  data  are  then 
archived  along  with  the  weekly  analysis  charts  at 
the  World  Data  Center-A  for  Glaciology  in  Boulder, 
Colorado, 

PRODUCTS 

The  JIC  constructs  products  on  three  scales: 
global,  regional  and  local.  Global  scale  products 


are  designed  for  use  by  strategic  planners  and  for 
small  scale  analyses  such  as  climate  studies. 
Regional  scale  products  are  used  to  support  general 
operations  in  a  specified  area  such  as  Great  Lakes 
shipping  or  ocean  fishing  fleets.  Local  scale 
products  are  designed  to  provide  tactical  support 
to  units  operating  in  and  under  ice  covered  waters. 

1 .  Globlal  Scale  Ice  Analyses 

Global  ice  conditions  are  mapped  weekly  on  a  scale 
of  1:11.6  million  for  the  Arctic  and  1:16  million 
for  the  Antarctic.  The  maps  are  azimuthal 
equidistant  projections  centered  at  the  pole.  The 
smallest  homogeneous  area  resolved  by  the  mapping 
system  is  less  than  20  km  under  the  best  conditions 
and  over  100  km  under  the  worst.  Figure  1  is  an 
example  of  the  weekly  Eastern  Arctic  Ice  Analysis, 

The  mapped  features  depicted  in  the  ice  analyses 
include  classes  of  ice  concentration,  classes  of 
ice  age,  ice  edge  position,  major  leads  and  large 
polynas.  In  addition,  Anarctic  ice  maps  contain 
positions  of  ice  bergs  which  are  greater  than  30  km 
in  length.  Arctic  ice  maps  contain  monthly  updated 
theoretical  ice  thickness  at  selected  Arctic 
stations  during  seasons  of  ice  growth. 

2.  Regional  Scale  Ice  Analyses 

Regional  ice  analyses  are  routinely  produced  for 
Alaskarr  waters  and  the  Great  Lakes.  Figure  2  is  an 
Alaska  Region  Ice  Analysis  produced  in  a  1:8 
million  scale  azimuthal  equidistant  projection  map. 
Although  mapped  features  for  the  regional  maps  are 
similar  to  those  of  the  global  scale,  the  larger 
scale  permits  a  more  detailed  analysis  of  ice 
boundaries  and  characteristics. 

3.  Local  Scale  Ice  Analyses 

Local  scale  analyses  are  produced  on  an  as  required 
basis  for  U.S.  Navy,  U.S.  Coast  Guard,  and  NOAA 
ships  operating  in  and  near  ice  infested  waters. 
These  analyses  are  almost  always  disseminated  as 
alphanumeric  messages  and  are  provided  on  a  time 
scale  that  varies  from  daily  to  twice  weekly 
depending  upon  the  needs  of  the  vessel. 

4.  Ice  Forecasts 

Sea  ice  forecasts  differ  from  ice  analyses  in  that 
they  predict  the  future  state  of  ice  conditions. 

Ice  analyses  are  often  the  starting  point  from 
which  the  ablation,  formation,  or  movement  of  sea 
ice  is  predicted.  Ice  forecasts  are  produced  for 
various  geographical  areas  in  a  number  of  spatial 
and  time  scales. 

The  primary  objective  of  the  JIC  ice  forecasting 
program  is  to  provide  ice  prediction  services  in 
response  to  user  specified  temporal  and  spatial 
requirements.  Existing  services  include  the 
preparation  of  the  following  information: 

(1)  short-term  ice  forecasts  for  the  ensueing 
24-96  hour  period  which  provide  close  tactical 
support  over  a  specified  locality  for  an  ongoing 
exercise; 
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FIGURE  1.  EASTERN  ARCTIC  ICE  ANALYSIS 


(2)  7-day  ice  edge  forecasts  which  are 
prepared  weekly  and  predict  ice  edge  positions  on  a 
global  scale; 

(3)  30-day  ice  forecasts  which  are  produced 
twice  monthly  and  are  used  for  planning  purposes  in 
regional  areas  where  shipping,  off-shore 
construction,  or  fishing  operations  are  imminent; 

(4)  seasonal  ice  forecasts  and  outlooks  which 
include  forecast  periods  from  60-150  days  and  are 
used  for  long-range  strategic  planning  in  regional 
areas. 

Ice  forecasting  remains  a  highly  subjective 
endeavor.  The  ice  forecast  models,  meteorological 
and  oceanographic  predictive  fields  required  for 
the  accurate  prediction  of  ice  conditions  are 
generally  unavailable.  The  basic  classes  of 
operational  forecasting  techniques  that  are  based 
on  empirical/statistical  and  analogue  relationships 
follow: 

Empirical  relationships  (Skiles,  1968;  Thorndike, 
1982)  between  the  drift  of  ice  and  mean  sea  level 
surface  pressure  fields  are  utilized  by  NMC  and 


FNOC  to  produce  ice  drift  forecasts  at  numerical 
meteorological  model  grid  point  locations  in  the 
Arctic,  Ice  drift  analyses  and  forecasts  are 
available  in  24  hour  time  steps  through  168  hours. 

Theoretical  relationships  between  freezing  degree 
day  accumulations  and  ice  thicknesses  (Gerson, 
1975)  are  utilized  by  FNOC  to  provide  estimates  of 
ice  thicknesses  at  northern  hemispheric  land 
stations  bordering  ice  covered  seas.  A  freezing 
degree  day  in  Celsius  units  is  the  difference 
between  0  C  and  the  station1 s  below  0  C  mean  daily 
surface  air  temperature. 

A  statistically  derived  relationship  between 
meteorological  conditions  and  ice  severity  index 
for  the  Alaskan  north  slope  (Barnett,  1980)  is 
utilized  in  the  Western  Arctic  Seasonal  Ice 
Forecast. 

Analogue  techniques  are  used  in  relating  initial 
ice  conditions  to  predicted  ice  conditions  or 
predicted  meteorological  conditions  with  predicted 
ice  conditions.  These  techniques  are  used 
exclusively  in  the  preparation  of  30-Day  Ice 
Forecasts  and  Seasonal  Eastern  Arctic  and  Ross 


274 


EiQLrTHERN  ICE  LIMIT 
fJAVY/NGAA  JOINT  ICE  C£nT£A 
N  A  V  FO  LA  P OC  £  ftNCEN.  3USTL  AN  D 
C  t+A  RTS  94  _  ,  _ 

ANALYSIS  DArE:©3  J  U  M  F 


WZt  EOGE 


-*£  EDGE 


DATA  SOURCES 

da  re 

R-ECStJAI55AWCE_  . 
SHIP . .  .  r 

*2  JUN 

£H£fl= . . . 

TAJAA  SA-vLLITE  .  . 
5A  “ELLITE  , 

FIGURE  2.  Alaskan  Regional  Ice  Analysis 


Sea/McMurdo  Sound  Forecasts. 

The  JIC  also  utilizes  the  Pacific  Marine 
Environmental  Lab  Bering  Sea  ice  model.  It  is  a 
Lagrangian  model  that  includes  thermodynamic 
effects  to  forecast  Bering  Sea  ice  motion. 

5.  Dissemination 


also  available  through  electronic  alphanumeric 
messages.  Alphanumeric  messages  are  available  in 
near  real  time.  Table  1  identifies  JIC  products 
available  by  mail  and  electronic  messages.  Table  2 
identifies  products  available  through  NOAA 
facsimile  circuits.  Arrangements  to  receive  these 
products  can  be  made  through  the  identified 
distribution  centers. 


JIC  analysis  and  forecast  products  are  available  by  FUTURE  DEVELOPMENTS 

mail,  facsimile,  telecopier,  and  alphanumeric 

messages.  Some  JIC  ice  analyses  and  forecasts  are  The  major  thrust  of  future  developments  at  the 
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JOINT  ICE  CENTER  (JIC)  PRODUCTS  AND  DISTRIBUTION  CENTERS 


Table  1 


PRODUCT 

FREQUENCY 

PRODUCT  DESCRIPTION 

AND  FORMAT 

DISTRIBUTION 

CENTER 

Arctic  Ice  Atlas 

Yearly 

Compilation  of  weekly  operational  Eastern  and  Western  Arctic 

Sea  Ice  Analyses.  Available  by  mail  in  hardcopy  and  microfiche 
formats . 

NTIS 

Antarctic  Ice  Atla^. 

Bi  yearly 

Compilation  of  weekly  operational  Antarctic  Sea  Ice  Analyses. 
Available  by  mail  in  hardcopy  and  microfiche  formats. 

NTIS 

JIC  Digital  Data 

JIC  Arctic  Ice  and  Antarctic  Ice  Analyses  (1972-1982)  in  digital 
format.  Available  by  mail  on  computer  tape. 

WDC-A 

Eastern  Arctic  Southern  Ice  Limit 

Weekly 

Analysis  of  arctic  sea  ice  from  95°E  westward  to  95°W.  Hardcopy 
available  by  mail. 

JIC 

Western  Arctic  Southern  Ice  Limit 

Weekly 

Analysis  of  arctic  sea  ice  from  95°W  westward  to  95°E.  Hardcopy 
available  by  mail. 

JIC 

Antarctic  Northern  Ice  Limit 

Weekly 

Analysis  of  antarctic  ice  conditions.  Hardcopy  available  by  mail. 

JIC 

Great  Lakes  Ice  Analysis 

Twice  Weekly 

Analysis  of  Great  Lakes  Ice  conditions.  Hardcopy  available  by  mail. 

SDSD 

Southern  Ice  Limit  Eastern  and 

Western  Arctic/7  Day  Ice  Forecast 

Weekly 

Plain  language  alphanumeric  message  of  arctic  ice  conditions. 
Available  through  electronic  transmissions. 

NNODDS 

30  Day ■ Western  Arctic  Ice  Forecast 

Semi-Monthly 

30  day  arctic  sea  forecast  from  95°W  westward  to  95°E.  Hardcopy 
available  by  mail. 

JIC 

30  Day  Eastern  Arctic  Ice  Forecast 

Semi-Monthly 

30  day  arctic  sea  forecast  from  95°E  westward  to  95°W.  Hardcopy 
available  by  mail. 

JIC 

30  Day  Western  Ross  Sea  Ice  Forecast 

Semi-Monthly 

Dec-Feb 

Available  only  through  electronic  transmissions. 

NNODDS 

Western  Arctic  Seasonal  Outlook 

Yearly 

Early  May 

Predicted  opening  date  of  coastal  route  to  Prudhoe  Bay  and  other 
statistics.  Hardcopy  available  by  mail. 

JIC 

Eastern  Arctic  Seasonal  Outlook 

Yearly 

Early  May 

Predicted  opening  dates  for  Greenland  coastal  stations  and  general 
seasonal  ice  conditions.  Hardcopy  available  by  mail. 

JIC 

Western  Ross  Sea  and  McMurdo  Sound 
Seasonal  Outlook 

Yearly 

Early  Nov 

Predicted  seasonal  fast  ice  and  general  ice  conditions.  Hardcopy 
available  by  mail. 

JIC 

NNODDS  Navy  NOAA  Oceanographic  Data 

Distribution  System 
Fleet  Numerical  Oceanography  Center 
Monterey,  CA  93940 

SDSD  NOAA,  NESDIS 

Satellite  Data  Services  Division 
World  Weather  Building 
Room  100 

Washingtion  DC  20233 


. 


KEY: 

NTIS  National  Technical  Information  Service 

5285  Port  Royal  Road 
Alexandria,  VA  22314 

WDC-A  World  Data  Center-A  for  Glaciology 

Campus  Box  449 
Boulder,  CO  80309 


JIC  Joint  Ice  Center 

4301  Suitland  Road 
Washington,  DC  20390 


Joint  Ice  Center  will  focus  on  the  ability  to 
exploit  the  digital  satellite  data  that  is 
currently  available,  to  incorporate  the  new  sources 
of  satellite  data  that  will  be  available  in  the 
future,  and  to  improve  the  speed  and  scope  of 
dissemination  avenues.  These  efforts  include  the 
development  of  a  digital  image  processing 
capability  at  the  Joint  Ice  Center.  This  capabiltiy 
will  permit  the  utilization  of  visible,  infrared 
and  passive  microwave  data  at  full  resolution  and 
the  ability  to  accurately  earth  locate  the  data. 

The  advent  of  a  spaceborne  synthetic  aperture  radar 
will  provide  the  JIC  with  its  first  high  resolution 
all  weather  data  source.  Dissemination  means  will 
have  to  be  increased  in  order  to  service  a  wider 
variety  of  customers  ranging  from  the  fishing  fleet 
operator  with  only  a  UHF  or  H F  radio  to  the 
sophisticated  user  who  will  receive  a  computer 


compatible  digital  graphic  via  satellite 
communications. 

Additionally,  digital  ice  fields  will  be 
transmitted  to  FN0C  in  order  to  initialize  the 
Hibler  ice  model.  This  dynamic  Arctic  basin  model 
(which  also  includes  thermodynamics)  will  become 
operational  later  this  year. 

CONCLUSIONS 

JIC  ice  analyses  are  produced  on  various  time  and 
spatial  scales  through  the  integration  of 
conventional  and  satellite  derived  data  from  NOAA, 
DMSP ,  and  NASA  satellites  as  well  as  ship  and 
aerial  observations.  Ice  forecasts  are  generated 
for  time  periods  ranging  from  1  day  to  several 
months  through  the  employment  of 
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JOINT  ICE  CENTER  FACSIMILE  SCHEDULE 
Table  2 


FACSIMILE  CIRCUIT 

ALASKA  REGION 
ICE  ANALYSIS 

ANTARCTIC 

ICE  ANALYSIS 

30-DAY  WESTERN 

ARCTIC  ICE  F0RECST 

GREAT  LAKES 

ICE  ANALYSIS 

National^" 

Day 

Greenwich  Mean  Time 
Chart  Number 

(GMT) 

Th,  Su 

11:19  GMT 
452 

We,  Sa 

11:19  GMT 

452 

Digital1 

Day 

Greenwich  Mean  Time 
Chart  Number 

(GMT) 

Th,  Su 

12:41  GMT 
452 

We,  Sa 

12:41  GMT 

452 

Alaska^ 

Day 

Greenwich  Mean  Time 
Chart  Number 

(GMT) 

Mo,  We,  Fr 
15:20  GMT 
594 

(  ) 
21:50  GMT 
593 

WEFAX3 

GOESWEST 

Day 

Greenwich  Mean  Time 

Chart  Number 

(GMT) 

Daily^ 

0302  GMT 

0312  GMT 

409,  410 

GOES  CENTRAL 

Day 

Greenwich  Mean  Time 

Chart  Number 

(GMT) 

Daily^ 

0305  GMT 

0335  GMT 

409,  410 

NOTES 

I.  For  acquisition 

information  contact: 

NOAA,  NWS  Communication  Division/W0TS3 

ATTN:  User  Agreements  Contact 

8060  13th  Street  Silver  Spring,  MD  20910 

2.  Slots  are  open  daily, 

chart  is  transmitted  twice  monthly, 

3.  For  acquisition 

information  contact: 

NOAA,  NESDIS  ATTN:  WEFAX  Coordinator 

World  Weather  Building  Washington,  DC  20233 

4.  Chart  is  updated  weekly  and  transmitted  daily  in  two  sections. 

statistical/ empirical  and  analogue  techniques.  Ice 
products  are  available  to  DOD  and  commercial  users 
through  the  JIC  and  various  U.S.  Government 
distribution  centers  and  communications  networks. 
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NSTL  MS  39529 

AVER  Y,0 
NAVOCEANO 
NSTL  MS  39529 

BALES,  SUSAN 

DAVID  TAYLOR  NAVAL  SHIP  R  &  D 
CENTER 
CODE  1561 

BETHESDA  MD  20084 


BARNES,  BOB 
OPNAV 

OP-22  PENTAGON 
WASHINGTON  DC  20350 

BARRETT,  R  L 
NAVOCEANO 
NSTL  MS  39529 

BEAL,  ALLAN 

ARCTIC  SUBMARINE  LABORATORY 
NAVAL  OCEAN  SYSTEMS 
CENTER  CODE  19 
SAN  DIEGO  CA  92152 

BEATTY,  FRANK 
NAVOCEANO 
NSTL  MS  39529 

BEESON,  E  L 
NAVOCEANO 
NSTL  MS  39529 

BETCHER,  BOB 
COMNAVOCEANCOM 
NSTL  MS  39529 

BISHOP,  GARNER 

NAVAL  UNDERWATER  SYSTEMS  CENTER 
CODE  3631,  BLDG  679/1 
NEWPORT  RI  02841 

BLAHA,  J 
NAVOCEANO 
NSTL  MS  39529 

BLIZARD,  MARVIN 
OFFICE  OF  NAVAL  RESEARCH 
800  N  QUINCY  ST 
ARLINGTON  VA  22217 

BLUMENTHAL,  RICHARD 

NAVOCEANO 

NSTL  MS  39529 

BONNETT,  DAVID 
TRACOR 
P  0  BOX  1325 
SILVERDALE  W  A  98383 


BRADY,  JAMES 
CHIEF  OF  NAVAL  MATERIAL 
ASW  SYSTEMS  DIVISION 
DEPT  OF  NAVY 
WASHINGTON  DC  20360 

BRANCH,  GEORGE 
NORDA 

NSTL  MS  39529 

BRIGHAM,  LAWSON  W 
US  COAST  GUARD 
ICE  OPERATIONS  DIVISION  (G-OIO) 
2100  2ND  ST  SW 
WASHINGTON  DC  20593 


CAR,  MARTIAL 
NAVOCEANO 
NSTL  MS  39529 

CARNES,  MICHAEL 
NAVOCEANO 
NSTL  MS  39529 

CARROLL,  J  C 
NAVOCEANO 
NSTL  MS  39529 

CARUTHERS,  JERRY 
NORDA  CODE  220 
NSTL  MS  39529 


BROWN,  NEIL 

ATLANTIC  APPLIED  RESEARCH  CORP  CHIN  BING,  STAN 

129  MIDDLESEX  TURNPIKE  NORDA 

BURLINGTON  M  A  01803  NSTL  MS  39529 


BROWN,  W  E 
NAVOCEANO 
NSTL  MS  39529 

BROZENA,  JOHN 
NAVAL  RESEARCH  LAB 
WASHINGTON  DC  20375  5000 

BUCCA,  PAUL 
NORDA 

NSTL  MS  39529 

BURDETTE,  ERNEST  L 
TRITON  SYSTEMS  INC 
109  E  SCENIC  DR 
PASS  CHRISTIAN  MS  39571 

BURGE,  RAYMOND 
NORDA 

NSTL  MS  39529 

BURKE,  TRAVIS 
NORDA 

NSTL  MS  39529 

BUSH,  CARROLL 
SPARTON  ELECTRONICS 
2400  E  GANSON 
JACKSON  MI  49202 

CANADA,  RAYMOND 
NATIONAL  DATA  BUOY  CNTR 
NSTL  MS  39529 


CLARK,  DICK 
TETRATECH  INC 
1191  N  FT  M  YER  DR 
ARLINGTON  VA  22209 

CHERKIS,  NORMAN 
NAVAL  RESEARCH  LAB 
WASHINGTON  DC  20375-5000 

COLLIER,  MARTIN 
NAVOCEANO 
NSTL  MS  39529 

COLONY,  ROGER 
POLAR  SCIENCE  CNTR 
UNIV  OF  WASHINGTON 
SEATTLE  WA  98105 

COSTOLO,  J  HOUSTON 

NAVOCEANO 

NSTL  MS  39529 

COUSINS,  BERNIE 
COMNAVOCEANCOM 
NSTL  MS  39529 

COX,  GORDON 
USA  CRREL 
72  LYME  ROAD 
HANOVER  NH  03755 

CRANFORD,  KENNETH 
NORDA 

NSTL  MS  39529 


CRUMPLER,  A 
NAVOCEANO 
NSTL  MS  39529 

CUM  MINGS,  J 
NAVOCEANO 
NSTL  MS  39529 

CUM  MINGS,  TIM 
COMNAVOCEANCOM 
NSTL  MS  39529 

DAVIS,  THOMAS 
NAVOCEANO 
CODE  022 
NSTL  MS  39529 

DEBLANC,  BETTY 
NAVOCEANO 
NSTL  MS  39529 

DELANEY,  DENNIS 
NAVOCEANCOMFAC 
NSTL  MS  39529 

DENNER,  WARREN 

SCIENCE  APPLICATIONS  INT'L  CORP 
205  MONTECITO  AVE 
MONTEREY  CA  93940 

DICUS,  RONALD 
NAVAL  RESEARCH  LAB 
CODE  5120 

WASHINGTON  DC  20375 

DIPIAZZA,  NICHOLAS  J 

NAVOCEANO 

NSTL  MS  39529 

DOHODA, TERENA 

NAVAL  UNDERWATER  SYSTEMS  CENTER 

NEW  LONDON  LAB 

NEW  LONDON  CT  06320 

DONALD,  JA  MES 

NAVAL  UNDERWATER  SYSTEMS  CENTER 

NEW  LONDON  LAB 

NEW  LONDON  CT  06320 

DONOVAN,  BARRY 

NAVAL  EASTERN  OCEANOGRAPHY  CENTER 
MCADIE  BLDG  (U-117) 

NAVAL  AIR  STATION 
NORFOLK  VA  23511 


DURHAM,  DON 
NORDA  CODE  350 
NSTL  MS  39529 

ELCHENKO,  STEPHEN 

NAVAL  AIR  DEVELOPMENT  CENTER 

CODE  3041 

WARMINSTER  PA  18974 

ENGLEBRETSON,  RON 
SCIENCE  APPLICATIONS  INTL  CORP 
205  MONTECITO 
MONTEREY  CA  93940 

EPPLER,  DUANE 
NORDA 

NSTL  MS  39529 

ERICHSEN,  ROBERT 
NATIONAL  DATA  BUOY  CENTER 
NSTL  MS  39529 

EVANS,  DIC  K 
COMNAVOCEANCOM 
NSTL  MS  39529 

FAGOT,  MARTIN 
NORDA 

NSTL  MS  39529 

FARMER,  L.  DENNIS 
NORDA 

NSTL  MS  39529 

FARQUHAR,  BROOKE 
NORDA 

800  N  QUINCY  ST 
ARLINGTON  VA  22217  5000 

FAR  WELL,  BOB 
NORDA 

NSTL  MS  39529 

FEATHERSTONE,  JOHN 
GENERAL  DYNAMICS 
79  CHARTER  OAK  DR 
EAST  LYME  CT  06333 

FECHER,  MICHAEL 

NAVAL  UNDERWATER  SYSTEMS  CENTER 

CODE  3331 

FORT  TRUMBELL 

NEW  LONDON  CT  06320 


FERER,  K  M 
NORDA 

NSTL  MS  39529 

FISHER,  ROBERT  A 
NORDA 

NSTL  MS  39529 
FLOYD,  NED 

ARCTIC  SUBMARINE  LAB 

NAVAL  OCEAN  SYSTEMS  CENTER  (CODE  19) 

SAN  DIEGO  CA  92152 

FLUM,  ROBERT  S 
M  AT-08-AS W  SYSTEMS  DIVISION 
DEPARTMENT  OF  THE  NAVY 
WASHINGTON  DC  20362 

FRANC,  L 
NAVOCEANO 
NSTL  MS  39529 

FRENCH, JON 
NORDA 

NSTL  MS  39529 

GARCIA,  RON 
COMNAVOCEANCOM 
NSTL  MS  39529 

GARRISON,  GERALD 
APPLIED  PHYSICS  LAB 
UNIVERSITY  OF  WASHINGTON 
1013  NE  40TH  STREET 
SEATTLE  WA  98105 

GEBHARDT,  KIM 
COMNAVOCEANCOM 
NSTL  MS  39529 

GEDDES,  WILBURT 
PLANNING  SYSTEMS  INC 
SLIDELL  LA  70458 

GOLDSBY,  RICHARD 

NAVAL  ELECTRONIC  SYSTEMS  COMMAND 
WASHINGTON  DC  20363-5100 

GORDON,  DAVID 

NAVAL  OCEAN  SYSTEMS  CNTR 

CODE  711 

SAN  DIEGO  CA  92152 


GOUGH,  ED 

PLANNING  SYSTEMS  INC 
SLIDELL  LA  70458 

• 

GOW,  ANTHONY 
USA  CRREL 
72  LYME  RD 
HANOVER  NH  03755 

GRASSIT,  KIP  # 

NATIONAL  DATA  BUOY  CENTER 
NSTL  MS  39529 

GREEN,  ALBERT 
NORDA 

NSTL  MS  39529  • 

GREENE,  CHARLES 
G  REENERIDGE  SCIENCES 
5276  HOLLESTER  AVE 
SUITE  408 

SANTA  BARBERA  CA  93111  • 

GREENE,  ROBERT 

SCIENCE  APPLICATIONS  INTL  CORP 
1710  GOODRIDGE  DRIVE 
MCCLEAN  VA  22102 

• 

GREEN,  MIKE 
GENERAL  DYNAMICS 
ELECTRIC  BOAT  DIVISION 
EASTERN  POINT  RD 
GROTON  CT  06340 

• 

GREIFINGER,  PHYLLIS 
R  AND  D  ASSOCIATES 
4640  ADMIRALTY  WAY 
P  0  BOX  9695 

MARINE  DEL  REY  CA  90291 

# 

GROSSKOPF,  BILL 
ARCTEC  INC 

9104  RED  BRANCH  ROAD 
COLUMBIA  MD  21045 

GRUSSENDORF,  MARK  • 

NORDA 

NSTL  MS  39529 

HACHMEISTER,  LON 
ENVIROSPHERE  CO. 

400  12TH  AVE  NE  • 

BELLEVUE  WA  98004 
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HAEGER, STEVE 
NAVOCEANO 
NSTL  MS  39529 

HAMILTON,  GLEEN 
NATIONAL  DATA  BUOY  CENTER 
NSTL  MS  39529 


HINMAN,  KEN 
COMNAVOCEANCOM 
NSTL  MS  39529 

HOLLAND,  C  RANDY 
NORDA 

NSTL  MS  39529 


HANNON,  JAMES  H  0  L  LIN  G  E  R,  JIM 

•  SIP  PIC  A  N  NAVAL  RESEARCH  LAB 

OCEAN  SYSTEMS,  INC.  CODE  7781 

WASHINGTON  DC  20375 


HARLETT,  JOHN 

APPLIED  PHYSICS  LABORATORY 
UNIVERSITY  OF  WASHINGTON 
•  1013  NE  40TH  ST 

SEATTLE  W  A  98105 

HART,  W 
NAVOCEANO 
NSTL  MS  39529 


HORBACH,  ARTHUR 
NAVAL  AIR  DEV  C  NT  R 
WARMINSTER  PA  18974 

HORN,  DEAN  A 
MIZE  X  ONR/MIT 
CODE  425  AR 
800  N  QUINCY  ST 
ARLINGTON  VA  22217 


HARVEY,  PHIL 
PRECISION  ECHO,  INC 
3105  PATRICK  HENRY 
SANTA  CLARA  CA  95054 


HORSLEY,  LAVERNE 
NORDA 

NSTL  MS  39529 


•  HAYES,  RICHARD 
US  COAST  GUARD 
COM  MANDAT  (G-OIO) 

2100  2ND  STREET  SW 
WASHINGTON  DC  20593 

•  HEIBERG,  ANDY 
POLAR  SCIENCE  C  NT  R 
4057  ROOSEVELT  WAY  NE 
SEATTLE  WA  98105 

HENDERSON,  J.  RUSSELL 

•  0 DSI  DEFENSE  SYSTEMS  INC 

3255  WING  ST 

SUITE  550 

SAN  DIEGO  CA  92110 


JENSEN,  JOHN 
NAVAL  WAR  COLLEGE 
NEWPORT  RI  02841 

JEZEK,  KEN 
USA  CRREL 
72  LYME  ROAD 
HANOVER  NH  03755 

JOBST,  W  J 
NAVOCEANO 
NSTL  MS  39529 

JUDD,  RANDALL 

NAVAL  OCEAN  SYSTEMS  C NT R 

CODE  541 

SAN  DIEGO  CA  92152 


HIGGS,  R 
NAVOCEANO 
NSTL  MS  39529 

HILL,  PAUL 

NAVAL  UNDERWATER  SYSTEMS  C  NT  R 
CODE  01 Y 
BLDG  101 

NEWPORT  RI  02841 


KAHN,  NORMAN 
CIA 

OSW  R/STD 

WASHINGTON  DC  20505 
KEENAN,  RUTH 

SCIENCE  APPLICATIONS  INTL  CORP 
P  0  721 

WOODS  HOLE  M  A  02543 
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KEIFFER,  RICHARD 
NAVOCEANO 
NSTL  MS  39529 

KELLEY,  EDWARD  J 

NAVAL  INTELLIGENCE  SUPPORT  C  NT  R 

(NISC-3622) 

4301  SUITL  AND  RD 
WASHINGTON  DC  20390 

KELLY,  R.G. 

NORDA 

NSTL  MS  39529 

KERLING,  JEFF 
NAVOCEANO 
NSTL  MS  39529 

KERR,  GEORGE  A 
NORDA  CODE  223 
NSTL  MS  39529 

KETCHUM,  ROBERT 
NORDA 

NSTL  MS  39529 
KIES,  PHIL 

NATIONAL  DATA  BUOY  CNTR 
NSTL  MS  39529 

KNOTT,  MARTHA 
NORDA 

NSTL  MS  39529 

KOCH,  ROBERT 
APPLIED  RESEARCH  LAB 
UNIV  OF  TEXAS-AUSTIN 
AUSTIN,  TX  78712 

KOEHR,  JIM 
COMNAVOCEANCOM 
NSTL  MS  39529 

KORDENBROCK,  JAMES 
DAVID  TAYLOR  NAVAL  SHIP 
R  AND  D  CNTR 
CODE  1231 

BETHESD A  MD  20084 

KOVACS,  AUSTIN 
USA  CRREL 
72  LYME  RD 
HANOVER  NH  03755 


KOZAK,  RON 

NATIONAL  DATA  BUOY  CENTER 
NSTL  MS  39529 

KRAVITZ,  JOSEPH 

OFFICE  OF  NAVAL  RESEARCH 

ARLINGTON  VA  22217 

K  W  ARK,  K  C 
NORDA  CODE  251 
NSTL  MS  39529 

LADOUCE,  JEFF 
COMNAVOCEANCOM 
NSTL  MS  39529 

LANDRUM,  GERALD 
NORDA 

NSTL  MS  39529 

LASSELL,  DONALD 
CHIEF  OF  NAVAL  MATERIAL 
ASW  SYSTEMS  DIVISION 
DEPT  OF  NAVY 
WASHINGTON  DC  20360 

LAWRENCE,  MIMI 
NORDA 

NSTL  MS  39529 

LAWRENCE,  THOM  AS  N 
NORDA  CODE  223 
NSTL  MS  39529 

LEAR,  W 
NAVOCEANO 
NSTL  MS  39529 

LECOURT,  E  J 
ARCTEC  INC 

9104  RED  BRANCH  ROAD 
COLUMBIA  MD  21045 

LENKO,  DANIEL 

NAVAL  SURFACE  WEAPONS  CNTR 
WHITE  OAK  MD  20903 

LEVINE,  ED 

NAVAL  UNDERWATERS  SYSTEMS  CNTR 
CODE  3632 
NEWPORT  RI  02841 


LEWANDO,  A 
NAVOCEANO 
NSTL  MS  39529 

LEWIS,  JAMES  K 

SCIENCE  APPLICATIONS  INT'L  CORP 
1304  DEACON 

COLLEGE  STATION  TX  77840 

LI,  HUON 
NORDA 

NSTL  MS  39529 

LOHANICK,  ALAN 
NORDA 

NSTL  MS  39529 

LOUAPRE,  MERLIN 
AEROJET  ELECTROSYSTEMS  CO 
1100  W  HOLLYVALE 
AZUSA  CA  91702 

LOVE,  RICHARD  H 
NORDA 

NSTL  MS  39529 

M  AGID,  HERBERT 
CHIEF  OF  NAVAL  MATERIAL 
ASW  SYSTEMS  DIVISION 
DEPT  OF  NAVY 
WASHINGTON  DC  20360 

MANG,  RICHARD 
NORDA 

NSTL  MS  39529 

MARKHAM,  BURT 
ARCTIC  SUBMARINE  LAB 
NAVAL  OCEAN  SYSTEMS  CNTR 
CODE  19 

SAN  DIEGO  CA  92152 

MARKHAM,  DAVID 
NAVWESTOCEANCEN 
BOX  113 

PEARL  HARBOR  HI  96860 

MARKL,  R 
NAVOCEANO 
NSTL  MS  39529 

MARLOW,  MARGIE 
NAVOCEANO  CODE  5100 
PSTL  MS  39529 


MARTIN,  ROBERT 
NORDA  CODE  113 
NSTL  MS  39529 

MARTINO,  R 
NAVOCEANO 
NSTL  MS  39529 

MAST,  CLARENCE 
SPARTON  ELECTRONICS 
2400  EAST  GANSON 
JACKSON  MI  49202 

MATT,  JOSEPH  J  III 
NAVO  CEAN  0/0  P-009 G 
WASHINGTON  DC  20350 

MAY,  JENNIFER 
M  ATRIX 

« 

M  C  AULIFFE,  WARREN 
VITRO  CORP 
14000  GEORGIA  AVE 
SILVER  SPRINGS  MD  20910 

MCCAFFREY, JOE 
NORDA  CODE  320 
NSTL  MS  39529 

MCCALL,  JERRY 

NATIONAL  DATA  BUOY  CENTER 

NSTL  MS  39529 

MCDERMID,  JACK 
NORDA 

NSTL  MS  39529 

MCPHERSON,  TERRY 
NORDA 

NSTL  MS  39529 

MCQUEARY,  WILLIAM 

NAVOCEANO 

NSTL  MS  39529 

MELE,  MICHAEL 

NAVAL  AIR  DEVELOPMENT  CNTR 
CODE  3041 

WARMINSTER  PA  18974 

MELLBURG,  LEONARD 
NAVAL  UNDERWATER  SYSTEMS  CNTR 
CODE  3632 
NEWPORT  RI  02841 
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MEREDITH,  ROGER 
NORDA  CODE  245 
NSTL  MS  39529 

MERRIFIELD,  R 
NAVOCEANO 
NSTL  MS  39529 

MICHELENA,  ED 
NATIONAL  DATA  BUOY  CNTR 
BLDG  3205 
NSTL  MS  39529 

MICHELENA,  JANET 
NAVOCEANO 
NSTL  MS  39529 

MILBURN,  DARRELL 
NORDA  CODE  251 
NSTL  MS  39529 

MILES,  RON 
NORDA 

NSTL  MS  39529 

MILLER,  RALPH 
COMPUTER  SCIENCES  CORP 
NSTL  MS  39529 

MILLER,  ROBERT 
SPARTON  ELECTRONICS 
1215  JEFFERSON  DAVIS  HIGHWAY 
ARLINGTON  VA  22202 

MITNICK,  RONALD 

NAVAL  UNDERWATER  SYSTEMS  CNTR 

NEW  LONDON  LAB 

NEW  LONDON  CT  06320 

MOERSDORF,  PAUL 
COMNAVOCEANCOM 
NSTL  MS  39529 

MOORE,  C  T 
NAVOCEANO 
NSTL  MS  39529 

MORISON,  JAMES 
POLAR  SCIENCE  CNTR 
4057  ROOSEVELT  WAY  NE 
SEATTLE  WA  98105 


MOSELEY,  WILLISM 
NORDA 

NSTL  MS  39529 

MUENCH,  ROBIN 
SCIENCE  APPLICATIONS  INTL 
13400B  NORTHRUP  WAY  #36 
BELLEVUE  W  A  98005 

MURPHY,  DONALD 
INTERNATIONAL  ICE  PATROL 
AVERY  POINT 
GROTON  CT  06340 

MURPHY,  DONALD 
NORDA 

NSTL  MS  39529 

MUSGROVE,  J  W 
NAVOCEANO 
NSTL  MS  39529 

NELSON,  TOM 
COMNAVOCEANCOM 
NSTL  MS  39529 

NEWCOMB,  JOEL 
NORDA 

NSTL  MS  39529 

NEW  MAN,  DAVE 
DEFENSE  SYSTEMS  INC 
7903  WESTPARK  DRIVE 
MCLEAN  VA  22102 

NEW  M  AN,  J  F 
NAVOCEANO 
NSTL  MS  39529 

NIELSEN,  RICHARD 

NAVAL  UNDERWATER  SYSTEMS  CNTR 

NEW  LONDON  LAB 

NEW  LONDON  CT  06320 

N 0  R TH RID G E,  BRUCE 
NORDA  CODE  270 
NSTL  MS  39529 

OBR  OCHTA,  BOB 
NAVAL  RESEARCH  LAB 
WASHINGTON  DC  20375-5000 


O'CONNOR,  NEIL 
COMNAVOCEANCOM 
NSTL  MS  39529 

OFFUTT,  JOHN 

DAVID  TAYLOR  NAVAL  SHIP  R  &  D  C NT R 
BETHESD A  MD  20084 

OGG,  BRADLEY 

NAVAL  ELECTRONICS  SYSTEM  COMMAND 
WASHINGTON  DC  20363 

OLSEN,  WAYNE 
COMNAVOCEANCOM 
NSTL  MS  39529 

O'NEILL,  CHARLES  J 
NAVOCEANO 
NSTL  MS  39529 

0  N  0  R  ATI,  ROGER 
NORDA 

NSTL  MS  39529 

ORR,  C 
NAVOCEANO 
NSTL  MS  39529 

OVERDEEP,  SUZANNE 
NAVAL  UNDERWATER  SYSTEMS  CENTER 
CODE  3632,  BLDG  679/1 
NEWPORT  RI  02841 

OWNBEY,  JIM 
COMNAVOCEANCOM 
NSTL  MS  39529 

PAIGE,  M 
NAVOCEANO 
NSTL  MS  39529 

PARTRIDGE,  RAY 

NATIONAL  DATA  BUOY  CENTER 

NSTL  MS  39529 

PEARSON,  ROBERT 

NAVAL  EASTERN  OCEANOGRAPHY  C  NT  R 
MCA  DIE  BLDG 
U-117  NAVAL  AIR  STATION 
NORFOLK  VA  23511 

PERKINS,  HENRY 
NORDA 

NSTL  MS  39529 


PFARRER,  P 
NAVOCEANO 
NSTL  MS  39529 

PFEIFFER,  JOHN 

NAVAL  ENVIRONMENTAL  PREDICTION 
RESEARCH  FACILITY 
MONTEREY  C  A  93943  5006 

PHILLIPS,  SANDY 
ORI  INC 

6295 A  EDSALL  ROAD 
ALEXANDRIA  VA  22312 

PICKETT,  R  L 
NORDA 

NSTL  MS  39529 

PITZ,  MARCELLUS 
MATRIX  CORP 
8150  LEESBURG  PIKE 
SUITE  1000 
VIENNA  VA  22180 

PLOE,  ROBERT 

DAVID  TAYLOR  NAVAL  SHIP  R&D  CTR 
BETHESD  A  MD  20084 

POLLAK,  KEN 

FLEET  NUMERICAL  OCEANOGRAPHY  CNTR 
MONTEREY  CA  93943 

POLLIO,  J 
NAVOCEANO 
NSTL  MS  39529 

POSEY,  JOE 
NORDA 

NSTL  MS  39529 

POSEY,  PAM 
NORDA 

NSTL  MS  39529 

PRELLER,  RUTH  H 
NORDA 

NSTL  MS  39529 

PRICE,  WALTER 
BATH  IRON  WORKS  CO 


RADL,  CHARLES 
NAVAL  RESEARCH  LAB 
WASHINGTON  DC  20375-5000 

RAMSDALE,  DAN 
NORDA 

NSTL  MS  39529 

RESHEW,  JERRY  W 
COMNAVOCEANCOM 
NSTL  MS  39529 

REYNOLDS,  L  M 
NAVOCEANO 
NSTL  MS  39529 

RICHTER-MENGE,  JACQUELINE 
USA  CRREL 
72  LYME  RD 
HANOVER  NH  03755 

RIEDLINGER,  SHELLEY 
NORDA 

NSTL  MS  39529 

RITTER,  ALBERT 
NAVAL  SEA  SYSTEMS  COMMAND 
DEPT  OF  THE  NAVY 
WASHINGTON  DC  20362  5101 

ROBERTSON,  TONY 
LOCKHEED  AIRCRAFT  CO 
P  0  BOX  551 
BURBANK  CA  91520 

ROCKER,  KARL 
NAVAL  CIVIL  ENG  LAB 
PORT  HUENEME  CA  93041 

ROGALSKI,  ROBERT 
DAVID  TAYLOR  NAVAL  SHIP 
ANNAPOLIS  MD  21402 

ROOT,  RICHARD 
NORDA 

NSTL  MS  39529 
ROSLING,  THOMAS 

THEATER  NUCLEAR  WARFARE  PROGRAM 
ROSNER,  HARDI 

NAVAL  POLAR  OCEANOGRAPHY  CENTER 
4301  SUITLAND  ROAD 
WASHINGTON  DC  20390 


RUDOLPH,  DIETER 
CNO  (OP-952) 

WASHINGTON  DC  20393 

RUSHTON,  R  S 
NAVOCEANO 
NSTL  MS  39529 

RYCHNOVSKY,  R.E. 

SANDIA  NATIONAL  LAB 
LIVERMORE  CA  94550 

SACKINGER,  W.M. 

GEOPHYSICAL  INSTITUTE 
UNIV  OF  ALASKA 
FAIRBANKS  AK  99701 

SANDERS,  PAUL 

NAVAL  INTELLIGENCE  SUPPORT 
CENTER 

4301  SUITLAND  RD 
WASHINGTON  DC  20390 

SCARZELLO,  JOHN 

NAVAL  SURFACE  WEAPONS  C  NT  R 

SILVER  SPRING  MD  20903 

SCHATZLE,  FRANK 
MAR  INC 

6110  EXECUTIVE  BLVD 
SUITE  410 

ROCKVILLE  MD  20852 
SCHEMP,  JA  MES 

DAVID  TAYLOR  NAVAL  SHIP  R&D  CTR 
BETHESDA  MD  20084 

SCHLEM  MER,  ROBERT 
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